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Abstract Previous studies have shown that Strong Thermal Emission Velocity Enhancement (STEVE)
events occur at the end of a prolonged substorm expansion phase. However, the connection between STEVE
occurrence and substorms and the global high-latitude ionospheric electrodynamics associated with the
development of STEVE and non-STEVE substorms are not yet well understood. The focus of this paper is

to identify electrodynamics features that are unique to STEVE events through a comprehensive analysis of
ionospheric convection patterns estimated from SuperDARN plasma drift and ground-based magnetometer
data using the Assimilative Mapping of Geospace Observations (AMGeO) procedure. Results from AMGeO
are further analyzed using principal component analysis and superposed epoch analysis for 32 STEVE and

32 non-STEVE substorm events. The analysis shows that the magnitude of cross-polar cap potential drop is
generally greater for STEVE events. In contrast to non-STEVE substorms, the majority of STEVE events
investigated are accompanied by with a pronounced extension of the dawn-cell into the pre-midnight subauroral
latitudes, reminiscent of the Harang reversal convection feature where the eastward electrojet overlaps with the
westward electrojet, which tends to prolong over substorm expansion and recovery phases. This is consistent
with the presence of an enhanced subauroral electric field confirmed by previous STEVE studies. The

global and localized features of high-latitude ionospheric convection associated with optical STEVE events
characterized in this paper provide important insights into cross-scale magnetosphere-ionosphere coupling
mechanisms that differentiate STEVE events from non-STEVE substorm events.

Plain Language Summary In 2016, citizen observers introduced a mysterious subauroral
phenomenon called Strong Thermal Emission Velocity Enhancement (STEVE) to the scientific community.
STEVE events are characterized by the presence of a thin and bright purple emission located closer to the
horizon than the typical aurora. The focus of this paper is to quantify characteristic features of the global
ionosphere during STEVE events, and to investigate their relationship to related phenomena known as
substorms using a newly developed data science tool named Assimilative Mapping of Geospace Observation
(AMGeO). In this study, using AMGeO, we analyze large amounts of ground-based data during 32 STEVE
events as well as 32 non-STEVE substorm events. Findings from the study are helpful to understand differences
in the way the magnetosphere is coupled to the ionosphere during STEVE events and non-STEVE substorms.

1. Introduction

In 2016, a Canadian citizen scientist community of auroral photographers introduced a new optical ionospheric
phenomenon to the scientific community. Initially referred to as “proton arc” by the citizen scientists, the optical
structure has been named Strong Thermal Emission Velocity Enhancement (STEVE), a term initially chosen
for its lack of scientific implications (Gallardo-Lacourt et al., 2019). To better reflect STEVEs observed physi-
cal characteristics, the name was later converted into the backronym, standing for STEVE. STEVE is typically
observed as a dynamic, thin, westward aligned structure that has bright purple and white emission at subauro-
ral latitudes, equatorward of the auroral oval. STEVE is sometimes accompanied by distinct green finger-like
structures known as the “picket fence.” Additionally, STEVE is known to be connected to intense subauro-
ral ion drifts (SAIDs; Archer et al., 2019a; MacDonald et al., 2018). STEVE's emission mechanism has been
determined to be different from traditional aurora which are usually associated with energetic electron and ion
precipitation (Gallardo-Lacourt et al., 2018; Nishimura et al., 2019). Gillies et al. (2019) have used the newly
deployed Transition Region Explorer (TREx) Spectrograph to study STEVE's peculiar mauve emission, and
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found that STEVE's spectrum corresponds to a continuous emission over 400-800 nm wavelengths. The altitude
of STEVE's emission calculated using image triangulation suggests that STEVE occurs between 130 and 270 km
(Archer et al., 2019b; Liang et al., 2019). Taking all these properties into consideration, Harding et al. (2020)
have formulated a formation mechanism for STEVE's continuum emission that is distinct from commonly known
auroral emission mechanisms. Thanks to these past work, some properties of STEVE are relatively well charac-
terized, however, the magnetosphere-ionosphere coupling mechanisms driving these STEVE events are still not
completely understood.

The connection between STEVE occurrence and substorms is one of the active research topics in
magnetosphere-ionosphere coupling. Previous studies have shown that STEVE occurs at the end of a prolonged
expansion phase and that substorms without STEVE are more common than substorm events with STEVE
(Gallardo-Lacourt et al., 2018). This indicates that there are unique types of substorms that have the favorable
conditions for STEVE to occur (Gallardo-Lacourt et al., 2018; Nishimura et al., 2020). In particular, Nishimura
et al. (2020) have analyzed the location of the substorm surge and found that the surge and the injection location
rapidly shift duskward for substorm events when STEVE is observed; while for non-STEVE substorms, the
injection location stays around midnight. The authors have also reported that simulation results with the Rice
Convection Model with an equilibrated magnetic field model show that the shifting of the injection location
contributes to the subauroral polarization streams (SAPS) electric fields becoming narrower and more intense.
These results reported in previous studies suggest that although STEVE is not produced by magnetospheric parti-
cles precipitating into the Earth's upper atmosphere, the magnetosphere plays a critical role by creating the likely
conditions for STEVE to form in the ionosphere.

In this study, we analyze the global high-latitude ionospheric response during substorm events with and
without STEVE. We utilize the Assimilative Mapping of Geospace Observations (AMGeO; Matsuo, 2020),
available as a newly developed open-source data science research tool (AMGeO Collaboration, 2019), to
combine ground-based plasma drifts from the Super Dual Auroral Radar Network (SuperDARN) (Chisham
et al., 2007) and ground-based magnetic fields from worldwide magnetometers (Gjerloev, 2012). The DMSP
SSJ electron precipitation data (Redmon et al., 2017) are also used to determine the conductance in the way
described in McGranaghan et al. (2016). A total of 64 events over the years of 2008-2018, including 32
STEVE events from the study by Gallardo-Lacourt et al. (2018) and 32 non-STEVE substorm events identi-
fied in SuperMAG data base (Newell & Gjerloev, 2011), are investigated using the AMGeO procedure. As an
example of AMGeO's capabilities, Figure 1 shows the global ionospheric convection pattern estimated using
AMGeO from SuperDARN line-of-sight plasma drift and SuperMAG ground-based magnetometer data along
with in situ measurements of electron temperature, density, and cross track ion velocity from the coincident
SWARM satellite pass during STEVE occurring on 25 July 2016. Swarm measurements for this event are
previously presented in MacDonald et al. (2018). Elevated electron temperature, electron density depletion,
and well-defined narrow fast westward plasma flow at peak of optical emission are key signatures of STEVE
(Archer et al., 2019a; MacDonald et al., 2018). These key signatures are also present in 8 of the 32 STEVE
events investigated in the study by Archer et al. (2019a). Note that localized westward plasma flows associ-
ated with STEVE, reaching as fast as 5.5 km/s, cannot be resolved by AMGeO and that typical plasma drift
speed associated with the usual two-cell convection is on the order of 500-1,000 m/s. Instead of highly local-
ized plasma flows, this study focuses on global high-latitude ionospheric electrodynamics, so the convection
patterns estimated by AMGeO for 64 events are further analyzed using principal component analysis (PCA) to
characterize global modes of convection variability associated with STEVE and non-STEVE substorm events.
A superposed epoch analysis approach is also used to determine correlations of the time-varying magnitude
of principal components (PCs) to solar wind parameters and geomagnetic activity indices for both categories
of events.

The rest of this paper is structured as follows. Section 2 includes the event selection process for STEVE and
non-STEVE substorm events as well as the data sets and data analysis approaches used in this study. This section
includes details pertaining to the AMGeO assimilative mapping procedure, PCA and superposed epoch analysis
approaches. The results from the comparative analysis of STEVE and non-STEVE substorm convection patterns
estimated by AMGeO are presented in Section 3. Section 4 provides tables that summarize the key differences
between STEVE and non-STEVE substorm events that were identified in Section 3. The discussion and conclu-
sions of this study are located in Section 5 and Section 6 respectively.
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Figure 1. (left) Global ionospheric convection pattern estimated by AMGeO, with overlays of Strong Thermal Emission Velocity Enhancement (STEVE) locations
as reported by ground-based instruments and observers in the pre-midnight sector (magenta), and Swarm A satellite track (red). (right) Swarm A satellite in situ
measurements along the pass on 25 July 2016 that coincides with STEVE optical emission: (a) electron temperature; (b) electron number density; and (c) ion velocity

(positive value is eastward flow).

2. Data Set and Data Analysis Approach

This section provides details pertaining to the STEVE and non-STEVE substorm events, data, and data anal-
ysis approaches used in this study. Section 2.1 discusses the events selected including the specific dates and
onset times in UT for all STEVE and non-STEVE substorm events occurring between the years 2008 and 2018.
Section 2.2 explains the assimilative mapping procedure and data ingested in order to generate assimilative maps
of high-latitude ionospheric convection patters. Post-analysis techniques performed, including PCA, superposed
epoch analysis, and reconstruction of electrostatic potential distribution, are described in Section 2.3.

2.1. Event Selection Over 2008-2018

The 32 STEVE events investigated in this study are identified using the Time History of Events and Macroscale
Interactions during Substorms (THEMIS) and the Redline Geospace Observatory (REGO) ground-based All-Sky
Imagers (ASIs) managed by the University of Calgary (Gallardo-Lacourt et al., 2018). Table 1 shows a list of
these events, occurring between the years 2008 and 2018. Twenty-eight of these events are previously investi-
gated by Gallardo-Lacourt et al. (2018) wherein 21 events are identified by THEMIS ASI and seven by REGO
ASI. The four additional STEVE events are identified using REGO ASI data. The start time of the STEVE events
(as shown in Table 1), hereafter referred to as the STEVE optical onset, is the UT time at which STEVE is first
detected in the optical data from the THEMIS and REGO ASIs (Gallardo-Lacourt et al., 2018). In ASI images,
STEVE optical features appear as its distinct long, narrow structure located equatorward of the auroral oval. One
important aspect to consider is that STEVE optical onset time definition is limited by the camera field-of-view.
Since STEVE is a westward moving structure, it is possible that the initial formation of STEVE could occur
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Table 1

List of Dates and UT Onset Times of 32 Strong Thermal Emission Velocity

Enhancement (STEVE) Events Identified Optically Using AllSky Imager

(ASI; Gallardo-Lacourt et al., 2018)

Event Date STEVE onset  Event Date STEVE onset
1 2-11-2008 9:30 17 2-20-2012 8:40

2 3-26-2008 7:20 18 9-13-2013 8:30

3 3-27-2008 3:00 19 8-21-2014 9:20

4 3-28-2008 2:00 20 9-7-2015 5:35

5 3-28-2008 7:22 21 9-11-2015 5:20

6 4-12-2008 8:00 22 2-8-2016 6:30

7 5-4-2008 8:00 23 4-17-2016 5:10

8 7-12-2008 3:40 24 7-25-2016 6:00

9 3-11-2010 6:00 25 7-29-2016 5:20

10 4-4-2010 7:20 26 8-22-2017 3:08

11 4-5-2010 5:30 27 8-24-2017 6:11

12 8-3-2010 5:40 28 9-18-2017 6:35

13 9-17-2010 7:00 29 9-27-2017 6:41

14 4-2-2011 6:47 30 3-25-2018 7:46

15 4-20-2011 8:38 31 4-10-2018 5:10

16 6-23-2011 7:00 32 7-17-2018 6:30
Note. Event dates with the top 10 greatest minimum SML values are
highlighted in red.

Table 2

List of Dates and UT Onset Time of 32 Non-Strong Thermal Emission
Velocity Enhancement (STEVE) Substorm Events Selected Using the
SuperMAG Substorm Database (Newell & Gjerloev, 2011)

Event Date Substorm onset  Event Date Substorm onset
1 2-10-2008 10:14 17 6-24-2011 7:09
2 3-26-2008 21:37 18  2-25-2012 11:26
3 2-11-2008 1:15 19  9-19-2013 8:04
4 3-12-2008 6:31 20  8-12-2014 20:14
5 3-18-2008 2:44 21 9-14-2015 15:01
6 3-10-2008 4:53 22 9-16-2015 5:37
7 4-6-2008 4:37 23 2-18-2016 2:56
8 3-10-2008 22:39 24 4-23-2016 21:03
9 3-29-2008 20:28 25  7-23-2016 5:01
10 3-12-2010 4:56 26  7-28-2016 4:05
11 3-20-2010 7:25 27 8-7-2017 8:18
12 4-7-2010 6:29 28  8-25-2017 6:26
13 4-8-2010 1:38 29 9-17-2017 6:41
14 9-25-2010 7:31 30 9-29-2017 11:25
15 9-15-2010 6:38 31 5-9-2018 4:26
16 4-24-2011 22:40 32 7-24-2018 5:45

Note. Event dates with the top 10 greatest minimum SML values are

highlighted in red.

eastward of the camera field-of-view. This may lead to a potential time differ-
ence between STEVE's real onset and what is defined here as STEVE optical
onset. Nevertheless, since STEVE propagates rapidly westward this timing
ambiguity should not significantly affect our results.

The 32 non-STEVE substorm events are selected, using the SuperMAG
substorm database, from the Newell and Gjerloev (2011) substorm list which
covers a time range from 19609 to the current. For these non-STEVE substorm
events, we have analyzed the available optical databases (i.e., THEMIS ASI
and REGO) around the substorm time to corroborate the absence of STEVE's
optical signature. In addition, we have compared the selected data set with the
most comprehensive repository of citizen scientists' reports of STEVE from
around the world (Hunnekuhl, 2019). Finally, we have also analyzed all the
available DMSP data for these non-STEVE substorm events to corroborate
the absence of extreme SAID signatures (Archer et al., 2019a; MacDonald
et al., 2018).

Substorms that have occurred in the absence of STEVE are selected as
control events so that non-STEVE substorms have the same relative month,
year, and onset UT time as the STEVE events as indicated by dates and times
for all 64 events listed in Tables 1 and 2). The events for both categories were
selected during similar months to avoid potential issues with seasonal rela-
tionships as shown in Figure S7 in Supporting Information S1. These STEVE
and non-STEVE substorm events are both analyzed every 5 min for a 3 hr
duration, including 1.5 hr prior and 1.5 hr post the onset time using the same
data analysis approach described next.

The mean and minimum values of SML, which is the SuperMAG version of
the AL-index available at a 1 min cadence (Newell & Gjerloev, 2011), are also
considered in the selection of non-STEVE substorm events. The variability
in SML mean, minimum and standard deviation for STEVE and non-STEVE
substorm events are shown in Figure 2. While the average of SML minimum
value for STEVE events is —727 nT with a standard deviation of 220 nT, it
is =604 nT with a standard deviation of 208 nT for non-STEVE substorm
events. The minimum SML values for these two categories of events differ
by 122 nT on average. Both the official auroral electrojet indices or AL-index
and the SuperMAG variation referred to as the SML-index are examined in
this study. Note that several differences exist between the two indices. For
example, there is a total of 12 ground based magnetometer stations that are
used for the official auroral electrojet indices (AE = AU — AL), whereas
over 100 magnetometer stations in collaboration with SuperMAG are used to
derive the SuperMAG auroral electrojet indies (SME = SMU — SML; Newell
& Gjerloev, 2011). It should be noted that both indices are used in this study
as there is a lack of AL-index data availability for events occurring in 2018.
The average minimum AL-index magnitude for STEVE events, excluding
events occurring in 2018, is —614 nT with a standard deviation of 192 nT.
The average minimum AL-index magnitude for non-STEVE substorms,
excluding events occurring in 2018 is —547 nT with a standard deviation of
244 nT. The average minimum AL values for these two categories of events
differ by 67 nT.

The substorm onset UT times, listed in Table 2, are identified in Newell and
Gjerloev (2011) using the satisfaction of the following SML criteria: the
sharp initial SML drop more than 45 nT in 3 min and the sustained SML
drop (meaning 100 nT below the average value for the duration of 25 min
that starts 5 min after the onset). If these conditions are met, the substorm
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Figure 2. (top) Variability in the SML-index minimum and mean values for all 32 Strong Thermal Emission Velocity Enhancement (STEVE) events (pink) and 32
non-STEVE substorm events (blue). (bottom) Histogram of SML-index minimum values for all 32 STEVE events (pink) and 32 non-STEVE substorm events (blue).

onset is set at the last minute before a 15 nT drop in SML (Newell & Gjerloev, 2011). Substorm phases have
been identified by using the standard definition according to the AL-index's slope (Kivelson & Russell, 1995).
The growth phase is typically identified by the initial interval of growing AL; while later, during the expansion
phase, AL rapidly decreases. Eventually, AL reaches a minimum and then the index values start increasing. This
period of increasing AL is usually known as the substorm recovery phase. An excellent example of the AL-index
behavior during substorms is presented in Figure 13.19 of Kivelson and Russell (1995). It is important for the
reader to remember that, although the SML index is calculated using more stations than the classical AL-index,
both indices represent the level of disturbance in the westward auroral electrojet recorded by magnetometers.

2.2. Assimilative Mapping Analysis

The AMGeO procedure is used to generate assimilative maps of high-latitude electrodynamic variables by
combining ground-based plasma drift and magnetic field observations with empirical models of ionospheric
convection and aurora (Cousins & Shepherd, 2010; Newell et al., 2009) as described in Matsuo (2020). Assimi-
lative maps of high-latitude electrodynamics variables including electrostatic potential (ionospheric convection),
Pedersen and Hall conductance, and Joule heating are produced every 5 min for 3 hr for each event listed in
Section 2.1. Only AMGeO maps of electrostatic potential are presented in this paper. These AMGeO electrostatic
potential maps display equipotential contour lines, marking convective motion of ionospheric plasma, in the
geomagnetic latitudes and geomagnetic local time coordinates, from 90 to 50 magnetic latitudes with geomag-
netic local noon (12) at the top and midnight (0) at the bottom. The AMGeQ's spatial resolution is 2.5° in latitude
and 15° in longitude. This is not high enough resolution to resolve narrow westward plasma flows usually asso-
ciated with STEVE events in pre-midnight subauroral latitudes, as shown for the SWARM ion drift (Figure 1c).

The line-of-sight ionospheric plasma drift observations from the SuperDARN (Chisham et al., 2007) are ingested
to AMGeO. Additional observations ingested include ground-level magnetic perturbations obtained from the
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SuperMAG data service which collects, standardizes, and distributes data from more than 300 ground-based
magnetometers worldwide (Gjerloev, 2012). Ingesting ground-based magnetometer observations into AMGeO
requires an estimate of height-integrated ionospheric conductivity or conductance. Following McGranaghan
et al. (2016), we used the energetic electron precipitations measured in situ by the DMSP F16, F17, and F18
for each event to specify the Hall and Pedersen conductance. The conductivity profiles are first computed using
the GLobal airglOW (GLOW) model (Solomon et al., 1988) without assuming the Maxwellian distribution,
which are then height-integrated over 80-200 km altitude to yield the conductance as described in McGranaghan
etal. (2015). The Hall and Pedersen conductance maps used for this study thus differ from the default conductance
maps used in AMGeO, which is derived from Ovation Prime electron precipitation model (Newell et al., 2009)
with the Maxwellian assumption. Note that our ability to estimate the conductance is still limited by the incom-
plete coverage of current observing systems. While the conductance does not affect assimilative mapping analysis
of SuperDARN plasma drifts, the analysis relies more on the ground-based magnetometer data in the regions with
a limited SuperDARN coverage. The uncertainty of conductance estimation adds some ambiguity to the assimi-
lative mapping analysis of the convection patterns used for this study.

2.3. PCA and Superposed Epoch Analysis

To characterize global modes of variability of ionospheric convection associated with STEVE as well as
non-STEVE substorm events, AMGeO maps of electrostatic potential are further analyzed using PCA. The mean
convection map is first computed from assimilative maps generated for the 32 STEVE events, which is then
subtracted from each map to generate residual maps. These residual maps are aggregated over time across all
events and used to compute a sample covariance that represents variability of ionospheric convection during
STEVE events. The eigenvalue decomposition of this sample covariance matrix yields PCs as empirically deter-
mined eigenvectors. Each PC is an independent orthogonal mode of variability from the mean. PCs are ordered
according to the percentage of variance that is attributed to each component. Once these global modes of varia-
bility of ionospheric convection are determined, the time-varying magnitudes of PC are computed from residual
maps by linear regression, which are referred to as PC coefficients. The same PCA analysis steps are applied to
assimilative maps generated for the 32 non-STEVE substorm events.

To examine the timing of temporal variation of PC coefficients and solar wind parameters and geomagnetic
activity indices (including the AL-index, IMF By and Bz parameters, and cross-polar cap potential), a correlation
analysis and a superposed epoch analysis are further applied. Each time series, spanning from 1.5 hr prior to the
STEVE optical onset (or substorm onset), to 1.5 hr post the STEVE optical onset (or substorm onset), is divided
into quarter-hour increment bins. The center bin labeled at time zero is the bin in which the substorm onset time
(or STEVE optical onset time) is included. The correlations between PC coefficients, AL-index, IMF By/Bz solar
wind parameters, and cross-polar cap potential are computed using the spearman correlation function from the
Python SciPy library. Aurora electrojet indices (AL and AU index), and Interplanetary Magnetic Fields (IMF) By
and Bz obtained from OMNI database at 1 min cadence are used.

3. Data Analysis Results

This section presents both quantitative and qualitative analysis results of AMGeO electrostatic potential maps
obtained for 32 STEVE events and 32 non-STEVE substorm events as described in Section 2. These analy-
sis results help characterize global high-latitude ionospheric convection features associated with STEVE events
and non-STEVE substorm events. Section 3.1 introduces representative features of the dawn-dusk asymme-
try or dawn-cell extension found, in a varying degree, among individual 32 STEVE events. Differences in the
mean convection patterns and cross-polar cap potential are evaluated between the two categories of events in
Section 3.2. In Section 3.3, the dawn-cell extension morphology observed in AMGeO maps is further examined
in terms of the leading modes of global ionospheric convection variation associated with STEVE events as well
as correlation of each mode's amplitude with solar wind parameters, and geomagnetic indices. Section 3.4 inves-
tigates the same for non-STEVE substorm events in order to contrast the differences in the ionospheric convec-
tion's characteristic behaviors found for 32 STEVE events from those behaviors identified for 32 non-STEVE
substorm events that occur without the presence of STEVE. The median PC coefficient trend, which represents a
typical temporal variation of these modes for all 32 STEVE and 32 non-STEVE substorm events, as well as the
electrostatic potential maps reconstructed with the PC and median PC coefficient for both categories of events are
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2017-0815% 6)5 :35:00 described in Section 3.5. In addition to typical temporal behaviors of leading

STEVE's approximated location

modes, Section 3.6 further investigates the dawn-cell extension and evaluates

30 the temporal trends of PC coefficients and AMGeO electrostatic potential
— maps for 10 individual STEVE and 10 non-STEVE substorm events. A case
20 AZ study for the STEVE event occurring on 26 March 2008 and its comparison
m © to a non-STEVE substorm event occurring on 7 April 2010 are presented in
10 ¢ Section 3.7. An overall comparison of characteristic features of high-latitude
% electrodynamics between STEVE events and non-STEVE substorm events is
6:00 0 % summarized in Section 4.
o
©
-10 &
o 3.1. Dawn-Dusk Asymmetric Ionospheric Convection Patterns Found
) .
—20 § in STEVE Events
w

Pronounced asymmetry in the morphology of both the dusk-cell and the
—-30 dawn-cell is observed in AMGeO maps of individual STEVE events.
Dawn-cell morphology observed for the majority of STEVE events investi-
gated display an extreme “tongue-shape” with prominent penetration of the
dawn-cell into the pre-midnight sector in the vicinity of subauroral latitudes

Figure 3. AMGeO map for Strong Thermal Emission Velocity Enhancement referred to as the “dawn-cell extension.” Dusk-cell morphology observed
(STEVE) event occurring on 8 August 2017 at 5:35 UT that displays enhanced during STEVE events can be seen to exhibit a similar “tongue-shape” as seen

asymmetry in both the dawn and dusk cells and a strong dawn-cell extension
penetrating into the dusk cell, reaching past the pre-midnight sector, near
subauroral latitudes. A reference for STEVE's location has been added at
60° MLAT based on statistical data THEMIS and REGO ASI observations,
although it should be noted that this map is depicting a time 36 prior to the
STEVE optical emission onset (Gallardo-Lacourt et al., 2018).

in the dawn-cell; however, the extent of this protrusion typically does not
extend past 0 MLT into the post-midnight sector.

Although both the dusk- and dawn-cells are observed to have enhanced
asymmetry during STEVE events, we have specifically focused on the dawn-
cell extension and its intrusion into the pre-midnight sector. This behavior
was not a predominant feature for the dusk-cell (i.e., we did not observe a
persistent penetration of the dusk-cell into the post-midnight sector). For this reason and to help differentiate this
aspect, herein we have referred to the dawn-cell “tongue-shape” as “extension” and the dusk-cell as “asymmetry.”

An example of an AMGeO spatial distribution map displaying a strong dawn-cell extension and enhanced dusk-
cell asymmetry during a STEVE event can be viewed in Figure 3. In Figure 3, the dawn-cell can be observed to
extend to 18:00 MLT. For 26 out of 32 of STEVE events investigated, we observed a dawn-cell that is extended
past the 23.00 MLT sector. Six of the 32 STEVE events have displayed a weaker dawn-cell extension where the
dawn-cell did not penetrate farther than the 23.00 MLT sector. Specific STEVE event dates that displayed a weak
dawn-cell extension can be found in Table S1 in Supporting Information S1. During STEVE events the dusk-cell
“tongue-shape” typically does not reach farther than 23.00-0.00 MLT. Histograms displaying the farthest reach
of the dawn-cell and dusk-cell asymmetry in terms of MLT sector can be found in Figures S6 and S7 in Support-
ing Information S1.

There is a dawn-cell extension associated with non-STEVE substorm events (Section 3.4), however, the magni-
tude and morphology differences of this feature make it distinguishable from STEVE events. In addition to an
extension in the dawn-cell, STEVE events also typically display a greater degree of asymmetry in dusk-cell
morphology in convection maps compared to Non-STEVE substorm events. It should be noted that in the context
of this study subauroral latitudes indicate magnetic latitudes below about 70° and the term “subauroral latitudes”
is not referring to the auroral boundaries defined by precipitating auroral particles. As noted in the introduction,
AMGeO cannot resolve the narrow fast ion drifts directly associated with STEVE. The focus of displaying a
reference of STEVE's location in AMGeO maps is rather on the larger scale global convection context including,
the distinctive convection patterns with a reminiscence to the Harang reversal wherein that is spatially collocated
with STEVE optical emissions.

3.2. Mean Ionospheric Convection for STEVE and Non-STEVE Substorm Events

The mean convention pattern is estimated for each category of event and is generated using AMGeO maps
produced over a 3 hr duration at 5 min cadence for 32 events. This means that the mean convention map is
computed from 1,152 (36 x 32) AMGeO Maps for both STEVE events and non-STEVE substorm events.
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Figure 4. (a) Mean electrostatic potential distribution from 32 Strong Thermal Emission Velocity Enhancement (STEVE) events. The cross-polar cap potential
is 48.15 kV. The maximum and minimum potential values are 25.2 and —23.0 kV, respectively. (b) Mean electrostatic potential distribution produced using 32
non-STEVE substorm events. The cross-polar cap potential was calculated to be 37.30 kV. The maximum and minimum potential values are 16.8 and —20.5 kV,
respectively.

Figure 4a is the mean convection pattern for STEVE events, with a cross-polar cap potential of 48.15 kV, and
shows the dawn-cell slightly extending past the midnight boundary into the pre-midnight sector between 75°
and 65° MLAT and asymmetry in the dusk-cell, identified as an eastward bulge of the dusk-cell toward the
post-midnight sector.

In comparison, Figure 4b shows the mean convection pattern for non-STEVE substorm events. The mean convec-
tion pattern for non-STEVE substorm events is noticeably weaker than the mean convection found for STEVE
events, with a cross-polar cap potential of 37.30 kV. The extension of the dawn-cell observed in the mean convec-
tion pattern for STEVE events is also slightly more prominent and further extending into the pre-midnight sector.

3.3. Global Modes of Ionospheric Convection Variability Associated With STEVE Events

A strong dawn-cell extension observed in the majority of the STEVE events, as introduced in Section 3.1, is
further examined in terms of the global modes of variability about the mean convection pattern shown in Figure 4a
in Section 3.2. Figure 5 displays the maps of the first four modes, noted here as PC1 through PC4. The map of
PC1 (Figure 5a) appears to be a dawn-cell intensification mode and explains 51.6 percent of the total variance of
the ionospheric convection assimilative maps estimated for 32 STEVE events. PC2 (Figure 5b) also has a signif-
icant explained variance of 23.4 percent, and its two-cell pattern shows a dawn-cell penetrating into the dusk-cell
around 65° magnetic latitude in the pre-midnight sector, characterizing a localized nightside dawn-cell penetrat-
ing mode. PC3 (Figure 5c) exhibits a considerable nightside asymmetrical pattern which seems to correspond to
a mode of variability associated with the dawn-cell extending very far westward into and past the pre-midnight
sector. PC3 is thus referred to as the dawn-cell extension mode or STEVE mode and has an explained variance
of 7.9 percent. PC4 has low explained variance, contributing less than 5% of the overall variance in all STEVE
events and is referred to as a weak asymmetry mode. Among these four PCs, PC2, and PC3 (Figures 5b and 5c)
are of particular interest for this study as these modes visually represent the westward dawn-cell extension into
the pre-midnight sector.

Superposed epoch analysis of time-varying PC coefficients and cross-polar cap potential is shown in the pink
colored box-plots in Figure 6 over 1.5 hr prior to and 1.5 hr post substorm onset. Superposed epoch analysis of
AL-index, IMF By, and IMF Bz is included to examine the relationship of global modes of ionospheric convection
evolution to solar wind drivers and overall substorm evolution indicated by geomagnetic indices. The correlations
between PC coefficients, AL-index, IMF By, IMF Bz, and cross-polar cap potential are summarized in Figure 7.
IMF, AL index values are obtained from the NASA OMNI database. The median of PC1 coefficients changes
signs from negative to positive close to the time of substorm onset marked by the blue vertical line at 0.0 hr
(Figure 6a). At the time of this sign change there is also an intensification observed in the magnitude of the dawn-
cell in terms of electrostatic potential values which can be visualized in Section 3.5 (Figure 11).
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Figure 5. Maps for the first four principal components (PCs) of electrostatic potential for 32 Strong Thermal Emission
Velocity Enhancement events. The total variance explained by each PC is displayed at the top of each map.

There is a significant negative correlation at —0.65 between PC1 coefficient and IMF By, so the changes of PC1
mode are partly attributed to the changes of IMF By. The median of PC2 coefficients, representing a localized
nightside dawn-cell penetrating mode, maximizes at the time of substorm onset (Figure 6b). The median of PC3
STEVE mode coefficients also changes signs, close to the substorm onset, from negative to positive (Figure 6c¢).
The median of PC3 coefficients reaches its maximum at 0.5 hr post substorm onset, corresponding to the time
when the dawn-cell extends into the pre-midnight sector most. This coincides with the end of expansion phase
and beginning of recovery phase as well as with the time of the STEVE optical onset, which is consistent with the
STEVE onset timing reported in Gallardo-Lacourt et al. (2018).

The median magnitude of IMF By and Bz is very small and predominantly negative for the entire 3 hr duration
of superposed epoch analysis (see Figures 6g and 6h). The superposed epoch analysis of AL-index (Figure 6e)
shows that the minimum of median AL at —410 nT occurs 0.5 hr after the substorm optical onset, marking the end
of expansion phase and beginning of recovery phase. The median cross-polar cap potential is seen to maximize
at 62.8 kV, at 0.5 hr post substorm onset in the recovery phase (Figure 6f). The cross-polar cap potential also has
significant negative correlation with PC1 coefficient of —0.67 and with PC2 coefficient of 0.66 (Figure 7). The
AL-index negatively correlates with PC2 coefficient at —0.53, and PC3 shows a small negative correlation of
—0.28 to the AL index. The STEVE mode associated with the dawn-cell extension (PC3) has no other significant
correlations, except for a slight positive correlation to IMF Bz at 0.24. This dawn-cell extension is found to be
unrelated to IMF By, which is largely in agreement with the past studies. For instance, the previous work using
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Figure 6. Superposed epoch analysis of principal component (PC) coefficients for Strong Thermal Emission Velocity
Enhancement events displayed over a 3 hr duration centered at substorm onset (1.5 hr prior and 1.5 hr post substorm onset
time) for the first four modes (a—d). Superposed epoch analysis for AL-index (e), cross-polar cap potential (f), and IMF By
and IMF Bz (g-h) shown in the same manner as for PC coefficients.
SuperDARN data have found that a typical IMF By-dependent dawn-dusk asymmetry is seen over the entire
convection pattern during the substorm growth phase but during the expansion phase this asymmetry is confined
only in the polar cap and dayside (Grocott et al., 2010). AMGeO shows an enhancement in the cross-polar cap
potential drop after onset (Figure 6f), while the magnitude of the negative IMF Bz decreases (Figure 6h), which
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Figure 7. Correlation matrix of principal component (PC) coefficients, AL-index, IMF By, IMF Bz, and cross-polar cap potential for 32 STEVE events.

is consistent with the enhancement of the westward substorm electrojet. Although this relationship is observed
in both categories (substorms with and without STEVE), it is important to note that the observed cross-polar cap
potential enhancement is even stronger for the substorms occurring during STEVE events.

The average duration of the optical STEVE phenomenon in the 32 events investigated is found to be 1 hr with
a standard deviation of 34 min. For the 26 STEVE events with a detectable strong dawn-cell extension in the
pre-midnight sector, the average optical STEVE event duration is 1 hr 16 min. These are largely consistent with
the STEVE duration of 1 hr as reported in Gallardo-Lacourt et al. (2018). The dawn-cell extension found from
these 26 events lasts 1 hr and 12 min on average, which is about the same duration of optical STEVE events.
Note that no apparent event-by-event correlation is found between the durations of the dawn-cell extension and
the optical STEVE event, even though the average durations are similar.

3.4. Global Modes of Ionospheric Convection Variability Associated With Non-STEVE Substorms

Figure 8 shows the first four leading global modes of variability for 32 non-STEVE substorms events. These
modes represent spatially coherent variability about the mean convection pattern shown in Figure 4b. The PC
maps for the non-STEVE substorm events are generally similar to the PC maps for STEVE events (Figures 5a—5d)
with the exception of PC3. PC1 represents a dawn-cell intensification mode like PC1 for STEVE events, and has
an explained variance of 47.7% and shows significant correlation to IMF By (—0.59) and Bz (—0.47) (Figure 10).
PC2 has an explained variance of 25.0% and shows a two-cell spatial distribution with the dawn-cell penetrating
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Figure 8. (a—d) Principal component (PC) maps for the first four principal components of electrostatic potential from 32
non-STEVE substorm events. The explained variance ratio is displayed at the top of each PC plot.

into the dusk cell in the pre-midnight sector in a similar fashion to the localized nightside dawn-cell penetrating
mode found for STEVE events (Figure 8b). PC3 appears to represent a dawn-cell extension mode for non-STEVE
substorms (Figure 8c), exhibiting an asymmetrical pattern associated with the dawn-cell westward extension into
the pre-midnight sector on nightside. However, a close inspection of PC3 for non-STEVE substorm events, which
has an explained variance of 7.3%, shows that the extent of dawn-cell extension is not as prominent as PC3 for
STEVE events (Figure 5c). PC4 has the lowest explained variance contributing 4.8% of overall variance in all
non-STEVE substorms events and is referred to as a weak asymmetry mode (Figure 8d).

Superposed epoch analysis of the PC coefficients, AL-index, IMF By and Bz, and cross-polar cap potential
for non-STEVE substorm events are shown in the blue colored box-plots shown in Figure 9. The blue vertical
line at 0.0 hr marks the substorm onset at when superposed epoch analysis is centered. PC coefficients for the
substorm events are correlated to solar wind parameters and geomagnetic activity indices in the same manner
as for STEVE events (Figure 10). In the superposed epoch analysis, the median of PC1 coefficients for 32
non-STEVE substorm events is seen to change signs from negative to positive around the time of substorm onset
(Figure 9a). The median of PC2 coefficients, representing a localized nightside dawn-cell penetrating mode of
variation, maximizes slightly after time of substorm onset around 0.25 hr (Figure 9b). The median of PC3 coef-
ficients change signs close to the substorm onset going from negative to positive (Figure 9c¢). The timing of the
maximum of PC3 coefficients directly corresponds to the peak of dawn-cell extensions into the pre-midnight
sector as confirmed in the electrostatic potential maps.
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Figure 9. Superposed epoch analysis for non-STEVE substorm events is shown, over a 3 hr duration centered at substorm
onset (1.5 hr prior and 1.5 hr post substorm onset time), for PC1-PC4 coefficients (a—d), AL-index (e), cross-polar cap
potential (f), and IMF By and Bz (g-h).
The median of IMF By is very small in magnitude and predominantly positive for the 3 hr duration of the super-
posed epoch analysis (Figure 9g). Note that the median of IMF By is predominantly negative for STEVE events
(Figure 6g). The median IMF Bz varies from slightly negative nearly zero at 1.5 hr prior to onset and increases
to about 1.5 nT at substorm onset followed by the slow return to near zero but slightly positive over 1.5 hr post
substorm onset (Figure 9h). The temporal trends of By and Bz over the 3 hr duration of superposed epoch analysis
SVALDI ET AL. 13 of 25
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=t _ are generally smoother for non-STEVE substorm events in comparison to
& STEVE events. There is notable negative correlation between PC1 coefficient
3 -0.018 and IMF By (—0.59) and between PC1 coefficient and IMF Bz (—0.47). The
o AL magnitude for non-STEVE substorm events is smaller when compared
¢ 0036 0 l_ 0.2 to STEVE events. These results are consistent with the superposed epoch
< analysis of the AL-index from Gallardo-Lacourt et al. (2018) in which the
§ 0076 © 0 AL magnitude for STEVE events was observed to be higher than observed
-0.0 for regular non-STEVE substorms. The effect of the westward substorm
2 'MEEE electrojet can also be observed in the enhancement in the cross-polar cap
. -Nm - [ T - _0.2 potential drop after the substorm onset (Figure 9f) and a magnitude decrease
= | | of the negative IMF Bz (Figure 9h), as observed in Figure 6 for STEVE
N _mwwmm events. Although this relationship is observed in both categories of event,
n this enhancement is even stronger for substorms occurring during STEVE
2 _ 0 01 0.067 events as the cross-polar cap potential for non-STEVE substorm events is
& . ; - ; : | noticeably weaker in magnitude across the 3 hr duration of the superposed
PC1 PC2 PC3 PC4 AL By Bz acp epoch analysis compared to STEVE events.

Figure 10. Correlation matrix of principal component (PC) coefficients,

AL-index, IMF By and Bz, and cross-polar cap potential for 32 non-STEVE 3.5. Reconstructed Ionospheric Convection Maps for STEVE and

substorm events. Non-STEVE Substorm Events

The mean convection map, PC maps, and the median values of PC coeffi-

cients, described in Sections 3.2-3.4, are used to reconstruct a time series
of electrostatic potential maps at 0.5 hr cadence over 3 hr from 1.5 hr prior through 1.5 hr post substorm onset
time for both categories of events. The median values for PC coefficients are also graphed relative to substorm
onset time to investigate temporal trends in global ionospheric convection patterns and to identify the differences
between two categories of events as shown in Figure 11, from the top to bottom, at three key time frames at
30 min before and after as well as at time of substorm onset. These reconstructed ionospheric convection maps
reflect typical spatiotemporal variability of convection patterns derived from the results of PCA and superposed
epoch analysis of AMGeO maps, and provide helpful insight into the timing and duration of the dawn-dusk
asymmetry relative to substorm onset. Black contour lines are added to demarcate the boundaries of positive and
negative cells in order to aid in the visualization of the dawn-cell extension into the pre-midnight sector.

Prior to the substorm onset time, there is a slight westward extension of the dawn-cell visible for both STEVE and
non-STEVE substorm events (Figure 11 (top)). At this time, PC1-PC3 coefficients are all growing in magnitude
for both STEVE and non-STEVE events. At substorm onset, shown in Figure 11 (middle), there is a change in
the sign of PC1 and PC3 coefficients relating to an intensification of the dawn-cell as observed in reconstructed
electrostatic potential maps for both categories of events. The enhancement of the dawn-cell is noticeably greater
in magnitude for STEVE events compared to non-STEVE substorm events. Figure 11 (bottom) displays maps
reconstructed at 30 min after substorm onset. The median value of PC3 coefficients peaks at this time which is the
point of the greatest dawn-cell extension among three time frames shown in Figure 11. The dawn-cell extension
into the pre-midnight sector for STEVE events is more pronounced more clearly extending into the dusk cell,
whereas the dawn-cell extension for non-STEVE substorm events is visibly weaker in magnitude. The temporal
trend of PC1 coefficients after substorm onset is distinctively different for STEVE and non-STEVE substorm
events. For non-STEVE substorm events all PC coefficients, including PC1 (dashed red line) are approaching
zero reflecting the return of a symmetric two cell convection pattern toward the end of the recovery phase. For
STEVE events the median values of PC2, PC3, and PC4 coefficients all approach or reach zero after 1 hr post
substorm onset. However, the median of PC1 coefficients (solid red line) continues to grow even after substorm
onset, contributing to the prolonged dawn-dusk asymmetry on the nightside visible in convection patterns for
STEVE events.

In general, while the reconstructed electrostatic potential for both categories may seem similar in morphology,
it is important for the reader to remember that STEVE occurs in association with substorms, therefore these two
categories are similar in nature. In addition, the combined analysis can easily diminished observed characteristic
behaviors; Nevertheless, using AMGeO we successfully reproduced important differences that could drive the
magnetosphere-ionosphere system at high-latitude to produce instances of STEVE.
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Figure 11. Reconstructed electrostatic potential maps derived for 32 Strong Thermal Emission Velocity Enhancement (STEVE) event (left) and 32 non-STEVE
substorm events (right) and time series of median principal component (PC) coefficients (center). Maps at 0.5 hr prior to substorm onset indicated by a black vertical
line in the center plot of median PC coefficients time series (top). Maps at substorm onset (middle) and maps 0.5 hr post substorm onset (bottom) shown in the same

format as the maps shown on the top.

3.6. Dawn-Cell Extension in Individual STEVE and Non-STEVE Substorm Events

The dawn-cell extension is further investigated by closely evaluating the temporal trends of PC coefficients and
AMGeO electrostatic potential maps for 10 STEVE and 10 non-STEVE individual substorm events that are
selected based on the peak magnitude of minimum SML values (see event dates denoted in red for STEVE events
in Table 1 and for non-STEVE substorm events in Table 2). Figure 12 shows AMGeO electrostatic potential maps
for these 10 STEVE events at the time the greatest dawn-cell extension suggested by the maximum time of PC3
coefficients. A strong dawn-cell extension is visible in the pre-midnight sector near subauroral latitudes for 9 out
of the 10 events except for the STEVE event occurring on 8 February 2016 (Figure 12f). An enhanced asymmetry
of the dusk-cell morphology can be observed in all 10 STEVE events in Figure 12.

The temporal trends observed in PC coefficients of these 10 individual STEVE events are consistent with the
overall trends seen in the median of PC coefficients for all 32 STEVE events (Figure 6). For these 10 events,
the magnitude of PC1, which is characterized as the dawn-cell intensification mode in Section 3.3, exhibits a
strong negative correlation with IMF By at —0.71 with the sign changes coinciding with changes in the IMF By
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Figure 12. AMGeO electrostatic potential maps displayed at the maximum time of dawn-cell extension mode (PC3) for 10 Strong Thermal Emission Velocity
Enhancement (STEVE) events that are selected based on SML minimum values. It can be noted that convection patterns exhibit extreme asymmetry in both the dawn
and dusk-cell. The magenta line indicates STEVE's approximate location.

orientation. The overall temporal evolution of PC1 coefficients for the 10 events is also related to AL and IMF Bz
as for all 32 STEVE events (Figure 7). PC1 coefficients increase in magnitude prior to substorm onset during the
growth phase for all 10 events, and do not approach or reach zero during the recovery phase for 7 out of 10 events.
In addition, in 9 out of 10 events, there is a significant amount of dawn-dusk asymmetry with a dawn-cell extend-
ing into the pre-midnight sector about 1.5 hr after substorm onset, well into the recovery phase. The localized
nightside dawn-cell penetrating mode (PC2) is also seen to increase during the growth phase prior to substorm
onset and has some correlation with IMF Bz, IMF By and AL at —0.47, 034., —0.49. See Figure 7 for correlation
for all 32 STEVE events. Correlation matrix and superposed epoch analysis for 10 STEVE events with strongest
SML is provided in Supporting Information S1. The peak time of PC2 coefficients for these individual events has
a lot of variability, for 6 out of 10 events occurring in the expansion phase and for 4 of 10 events occurring in the
recovery phase. The AMGeO electrostatic potential maps at the time of PC2 coefficient maximum show a strong
dawn-dusk asymmetry in 10 out of the 10 events, similar to the morphology of PC2 (Figure 5b) where the dawn-
cell is extended past the midnight boundary penetrating the dusk-cell. The primary mode of variability associated
with the westward extension of the dawn-cell into the pre-midnight sector is PC3 as seen in the morphology
of AMGeO electrostatic potential maps shown at the time of PC3 coefficients' maximum in Figures 12a—12e
and 12g—12h. The magnitude of PC3 grows in magnitude prior to substorm onset for all 10 events, and continues
into the recovery phase for some events. The PC3 coefficient peak time has some variability for individual events,
but for the majority (7 out of 10 events) the maximum of PC3 coefficient occurs in the recovery phase and for the
remaining events it occurs during the expansion phase. There are no notable temporal trends of the magnitude of
PC4 that is the weak asymmetry mode, as the coefficients are small in magnitude and remain largely close to zero.

There are differences and similarities between these individual STEVE events and non-STEVE substorm events
in terms of the morphology of ionospheric convection patterns at the time of PC3 coefficient peak and temporal
evolution of PC1-PC4 coefficients. The temporal evolution and end behavior of PC1 coefficients have signifi-
cantly variation between categories of events. Prolonged dawn-dusk asymmetry observed in STEVE events in
attributed partially to the continued growth in PC1 coefficients. Another notable difference is that the dawn-cell
extension for non-STEVE substorm events is typically not as far extended into the pre-midnight sector as for
STEVE events, more localized around midnight. It typically lasts from the growth phase through the end of
expansion phase, fading completely by the end of expansion phase for 7 out of 10 non-STEVE substorm events.
For these 10 non-STEVE substorm events, PC1 coefficients have a strong negative correlation with IMF By and
IMF Bz at —0.43 and —0.53, respectively. See Figure 10 for correlation for all 32 non-STEVE substorm events.
Correlation matrix and superposed epoch analysis for 10 non-STEVE substorm events with strongest SML is
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Figure 13. AMGeO electrostatic potential maps displayed at the maximum time of dawn-cell extension mode (PC3) for 10 non-STEVE substorm events that are

selected based on SML minimum values.

provided in Supporting Information S1. As for 10 STEVE events, PC1 coefficients increase in magnitude more
rapidly during the substorm onset or right after onset during the expansion phase for all 10 events. Unlike for
STEVE events, PC1 coefficients typically approach or reach zero during the recovery phase, returning to a
symmetrical two-cell convection patterns about 1.5 hr after the substorm onset during the recovery phase (7 out
of 10 non-STEVE substorm events). PC2 coefficients increase in magnitude during the growth phase prior to the
substorm onset and has some correlations to IMF Bz, IMF By, and AL at —0.30, 0.40, —0.41. This behavior is
similar between individual STEVE and non-STEVE substorm events. The peak time of PC2 coefficients has a lot
of variability among these 10 events, occurring in the growth phase for 3 out of 10 events, in the expansion phase
for 4 out of 10 events, and in the recovery phase for 3 of 10 events. The AMGeO electrostatic potential maps at the
time of PC2 coefficient maximum show a strong dawn-dusk asymmetry in 10 out of 10 events in a similar fashion
to STEVE events. Unlike STEVE events, the PC3 coefficients increase in magnitude post-substorm onset for
non-STEVE substorm events. The PC3 coefficient peak time has some variability among individual events, but
for the majority (6 out of 10 events) PC3 coefficients reaches their peak at the end of the expansion phase. For the
remaining events, it occurs during the beginning of the recovery phase. The morphology of AMGeO electrostatic
potential maps at the time of PC3 coefficients maximum has a dawn-cell extension into the pre-midnight sector
in 10 out the 10 events as shown in Figure 13. The maximum of PC3 coefficients correlates to the maximum of
dawn-cell intensification and westward extension. It can be noted that this dawn-cell extension is less pronounced
and more diversified when compared to the dawn-cell morphology observed in STEVE events. As for STEVE
events, there is nothing notable aspects about PC4 coefficients for individual non-STEVE events. See Figure 9 for
the overall temporal trends of the median PC coefficients for all 32 non-STEVE substorm events.

3.7. Case Study Events: STEVE Event 26 March 2008 Versus Non-STEVE Substorm Event 7 April 2010

Key differences in global high latitude electrodynamics between STEVE and non-STEVE substorm events are
discussed for two specific case study events: the STEVE event occurred on 26 March 2008 (Figure 14) and the
non-STEVE substorm event occurred on 7 April 2010 (Figure 15). These events are chosen for comparison as
they have similar SML minimum values and substorm onset times. In addition, this STEVE event has been inves-
tigated in detail by Nishimura et al. (2020).

The AMGeO electrostatic potential maps for the STEVE event on 26 March 2008 are shown in Figure 14, from
6:00 UT to 9:15 UT in 5 min intervals during the STEVE optical event (from 7:20 UT to 8:00 UT) otherwise in
15 min intervals, with maps at substorm onset at 6:30 UT as marked with a black dotted box and at STEVE optical
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Figure 14. AMGeO electrostatic potential maps for the Strong Thermal Emission Velocity Enhancement (STEVE) event on 26 March 2008 displayed from 6:00 to
9:15 UT. The substorm onset for this STEVE event occurs at 6:30 UT as marked with a black dotted box. The SML minimum is —826 nT at 7:20 UT, which is denoted
with a solid black box. The STEVE optical onset occurs at the end of the substorm expansion phase at 7:20 UT as marked by a pink dotted box. SuperDARN plasma
drift data (magenta) and SuperMAG ground-level magnetic field date (light blue) are superimposed. The magenta line from 7:20 UT to 9:00 UT indicates STEVE's

approximate location.

onset at 7:20 UT marked with a pink dotted box. The SML minimum value for this event is —826 nT at 7:20
UT, occurring at the end of the expansion phase and the beginning of the recovery phase, which is indicated by
a black solid box. A slight westward extension of the dawn-cell can be observed at 6:00 UT. As time progresses
the dawn-cell becomes more enhanced and extending further into the pre-midnight sector. The maximum of the
dawn-cell extension, which occurs when PC3 coefficients are maximized, can be seen at 7:20 UT, which is also
the STEVE optical onset and beginning of substorm recovery phase. After reaching the maximum, the magnitude
of dawn-dusk asymmetry and of the dawn-cell extension decreases and a mostly symmetric two cell convection
pattern can be observed 1 hr and 25 min into the recovery phase at 8:45 UT.

For comparison, the AMGeO electrostatic potential maps for the non-STEVE substorm event on 7 April 2010
are shown in Figure 15 from 5:00 UT to 8:15 UT. Maps are displayed in 15 min intervals from 5:00 UT through
6:00 UT prior to substorm onset and from 7:00 UT through 8:15 UT after substorm onset and in 5 min inter-
vals otherwise, with maps at the substorm onset (6:30 UT) marked with a black dotted box and at the time of
SML minimum (7:15 UT) marked with a black solid box in Figure 15. The SML minimum value for this event
is —754 nT. Here, there is also a slight dawn-dusk asymmetry and weak extension of the dawn-cell present 15
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Figure 15. AMGeO electrostatic potential maps for non-STEVE substorm event on 7 April 2010 displayed from 5:00 UT to 8:15 UT. The substorm onset is at 6:30 UT
as marked with a black dotted box. The SML minimum is —754 nT at 7:15 UT as denoted by a black solid box. SuperDARN plasma drifts (magenta) and SuperMAG
ground-level magnetic field observations (light blue) are superimposed.

min prior to the substorm onset at 6:30 UT. The dawn-cell extension and dusk-cell asymmetry becomes more
prominent as time progresses but it is not as far extended into the pre-midnight sector as observed for the STEVE
event in Figure 14. The maximum time of the dawn-cell extension occurs at the PC3 coefficient maximum at 7:15
UT. After this time the dawn-cell extension decreases and a more dawn-dusk symmetric convection pattern is
observed approximately 45 min into the recovery phase of the substorm at 8:00 UT. In this non-STEVE substorm
event, the dawn-cell extension has a shorter duration than that observed for the STEVE event. The potential phys-
ical implications of this difference are addressed later in the discussion section.

Upon a visual inspection, the westward extension of the dawn-cell that is present in AMGeO electrostatic potential
maps for the STEVE event on 26 March 2008 shows a resemblance in its shape and location to the westward surge
reported by Nishimura et al. (2020) for the same STEVE event. Nishimura et al. (2020) have concluded that for
STEVE events the intense upward field-aliened currents and substorm surge reach further into the dusk sector,
while for non-STEVE substorms are localized at midnight (Nishimura et al., 2020). Both of the STEVE events
included in the Nishimura et al. (2020) study are in fact included in the list of 32 STEVE events investigated in
this study. The AMGeO convection patterns for 26 March 2008 and 5 April 2010 both displayed a strong dawn-
cell extension. Qualitative similarities are observed between the westward dawn-cell extension and the westward
substorm surge seen in the results from Nishimura et al. (2020). From a visual comparison of AMGeO electrostatic
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Table 3

Summary of the Key Differences in the Dawn-Dusk Asymmetry Observed in Strong Thermal Emission Velocity Enhancement (STEVE) and Non-STEVE Substorm

Events

Dawn cell extension

STEVE events

Non-STEVE substorm events

The dawn-cell extension typically extends farther into the pre-midnight sector The dawn-cell extension is mostly not as far extended into the pre-midnight

(Sections 3.6-3.7).

sector, localized around midnight (Sections 3.6-3.7).

There is enhanced prolonged asymmetry in both the dawn and dusk cell observed Dawn and dusk cell asymmetry is more subtle and short lasting.

in AMGeO convection maps (Sections 3.6-3.7). (Sections 3.6-3.7).

A strong eastward penetration of the dusk-cell into the post-midnight sector in A subtle extension of the dusk-cell toward midnight sector in the vicinity of
the vicinity of subauroral latitudes is observed in the mean AMGeO map and subauroral latitudes is observed in the mean AMGeO map and maps of
maps of reconstructed electrostatic potential for STEVE events (Sections 3.2 reconstructed electrostatic potential for Non-STEVE substorm events
and 3.5). (Sections 3.2 and 3.5).

Significant dawn-cell extension is present from the growth through recovery Significant dawn-cell extension is present from the growth to end of expansion
phase for 9/10 events (Section 3.6). Typical behaviors among 32 events are phase for 7/10 events (Section 3.6). Typical behaviors among 32 events are

the same (Section 3.5).

the same (Section 3.5).

potential maps for these two events, the dawn-cell extension appears more prominent in the event occurring
on 26 March 2008. This is consist with the DMSP Special Sensor Ultraviolet Spectrographic Imager (SUSSI)
Lyman-Birge-Hopfield long (LBHL) data and the results presented by Nishimura et al. (2020) in which the event
on 26 March 2008 appears to have a more intense substorm surge than the event occurring on 5 April 2010.

4. Summary of Comparisons Between STEVE and Non-STEVE Substorm Events

This section provides four tables that summarize the data analysis results presented in Section 3 and compare the
key differences identified between STEVE and non-STEVE substorm events. Table 3 explains the morphological
and timing differences in the dawn-cell extension observed in AMGeO convection maps between STEVE and
non-STEVE substorm events. In Table 4 comparisons of PCA results are summarized between both categories
of events. Magnitude differences in cross-polar cap potential and IMF By and IMF Bz are discussed in Tables 5
and 6, respectively.

5. Discussion

In Table 1 in Section 2.1, the STEVE optical onset time in UT for the 32 STEVE events investigated in this study
are defined. It should be noted that there are some ambiguities associated with the definition of these STEVE
onset times. As reported by Gallardo-Lacourt et al. (2018), the STEVE optical onset is defined as the time when
STEVE is first observed within the field-of-view of a ground-based auroral imager. Since STEVE is a westward
moving structure, it is possible that STEVE forms further eastward resulting in a time difference between the
initial appearance of STEVE and its detection by an ASI. Nevertheless, STEVE propagates rapidly westward
potentially, so discrepancies may be on the order of minutes. This study also utilizes the substorm onset times
obtained from the SuperMAG substorm database for the 32 non-STEVE substorm events investigated (Table 2).
The substorm onset times in the SuperMAG data set are defined using the technique presented in Newell and
Gjerloev (2011). There are different definitions of substorm onset timing depending on the technique or method
used for substorm onset identification (e.g., Forsyth et al., 2015; Frey et al., 2004; Nishimura et al., 2010).

Regarding the physical implications of the Harang Reversal, previous studies on ionospheric convection patterns
(e.g.,Grocott et al., 2010; Kamide & Kokubun, 1996; Zou et al., 2009) have shown a relationship between the
dawn-dusk asymmetry in the electrostatic potential, substorms, and the formation of the Harang discontinuity or
Harang reversal. Specifically, Grocott et al. (2010) reported that the IMF strongly governs the behavior of this
asymmetry during the substorm growth phase; however, this asymmetry was not maintained around magnetic
midnight during the expansion phase. This result is consistent with our analysis of 32 substorm events with-
out the precense of STEVE. By contrast, for the 32 STEVE events the asymmetric nature of the electrostatic
potential pattern is strong even during the recovery phase, after STEVE is optically observed. As reported by
Gallardo-Lacourt et al. (2018), the STEVE events analyzed here do not exhibit an IMF dependence.
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Table 4

Summary of the Key Differences Observed in the Principal Component Analysis (PCA) Results for Strong Thermal Emission Velocity Enhancement (STEVE) and

Non-STEVE Substorm Events

PC coefficients and convection pattern behaviors

STEVE events

Non-STEVE substorm events

PC1—Dawn-cell intensification mode

PC1 coefficients do not approach zero for 7/10 events after substorm onset,
contributing to prolonged dawn-dusk asymmetry (Section 3.6). The median
of PC1 coefficients from 32 events does not approach zero after substorm
onset and continues to grow for about 1.25 hr (Section 3.5: Figure 11).

PC1 behaviors are related to significant dawn-cell extension seen in AMGeO
electrostatic potential maps lasting over 1.5 hr post substorm onset in 9/10
events (Section 3.6).

PC2—Localized nightside dawn-cell penetrating mode

The peak time of PC2 coefficients vary among 10 individual events, occurring
during the expansion phase for 6/10 events and in the recovery phase for 4/10
events (Section 3.6).

At the peak of PC2, AMGeO electrostatic potential maps show strong dawn-
dusk asymmetry on nightside in 10/10 events (Section 3.6).

PC3—Dawn-cell extension mode

The dawn-cell extension morphological feature in PC3 is pronounced and
extends into the pre-midnight sector (Section 3.3: Figure 5c).

PC3 coefficients start to increase prior to substorm onset (Section 3.5:
Figure 11, Section 3.6).

The peak time of PC3 coefficients occurs during the recovery phase for 7/10
events and in the expansion phase for 3/10 events (Section 3.6).

PC3 behaviors are directly related to peaking of dawn-cell extension seen in
AMGeO electrostatic potential maps (Section 3.5: Figure 11, Section 3.6,
Section 3.7: Figure 14). AMGeO electrostatic potential maps at the time of
PC3 peak show strong dawn-cell extension into the pre-midnight sector in
9/10 events (Section 3.6: Figure 12).

PC4—Weak asymmetry mode

PC4 does not contribute to the key differences due to its small magnitudes.

PCl coefficients tend to approach or reach zero at end of recovery phase for 7/10
events, resulting in the return to a symmetrical two-cell convection pattern
(Section 3.6). The median of PC1 coefficients from 32 events approach zero
after 1.5 hr post substorm onset (Section 3.5: Figure 11).

PC1 behaviors are related to some dawn-cell extension seen in AMGeO
electrostatic potential maps lasting over 1.5 hr post substorm onset in 3/10
events (Section 3.6).

The peak time of PC2 coefficients vary considerably among 10 individual events,
occurring in the growth phase for 3/10 events, in the expansion phase for 4/10
events, and in the recovery phase for 3/10 events (Section 3.6).

At the peak of PC2, AMGeO electrostatic potential maps show some dawn-dusk
asymmetry on nightside in 10/10 events (Section 3.6).

The dawn-cell extension morphological feature in PC3 extends less into the
pre-midnight sector and is less pronounced (Section 3.4: Figure 8c).

PC3 coefficients start to increase after substorm onset (Section 3.5: Figure 11,
Section 3.6).

The peak time of PC3 coefficients occurs in the expansion phase for 6/10 events
and in the recovery phase for 4/10 events (Section 3.6).

PC3 coefficient behaviors are similar to those observed during STEVE events
(Section 3.5: Figure 11). Due to the difference in PC3 morphology itself the
AMGeO electrostatic potential maps at the time of PC3 peak shows a less
pronounced and more diverse appearance of the dawn-cell extension in 10/10
events (Section 3.6: Figure 13).

In addition, this asymmetry has been known to be associated with the formation of the Harang reversal.
Harang (1946) originally named it Harang discontinuity based on the ground-based magnetometer observa-
tions showing the directional change in magnetic field perturbations in the region. The Harang reversal thus

corresponds to the location where the eastward electrojet overlaps with the westward electrojet and represents

a region of converging electric fields in the nightside ionosphere at auroral latitudes. More broadly, the Harang

reversal can be considered in terms of a convection structure where the two auroral electrojets overlap. This study

adopts the Harang reversal definition in terms of ionospheric convection structure features, similarly to Ohtani

etal. (2016), instead of its original definition based on ground magnetic disturbances. Some physical insights into

Table 5

Summary of the Key Differences Observed in the Cross-Polar Cap Potential for Strong Thermal Emission Velocity Enhancement (STEVE) and Non-STEVE Substorm

Events

Cross-polar cap potential

STEVE events

Non-STEVE substorm events

The mean electrostatic potential estimated from all 32 STEVE events is 48.15kV ~ The mean electrostatic potential estimated from all 32 non-STEVE substorm

(Section 3.2: Figure 4a).

Larger magnitude of enhanced cross-polar cap potential across the 3 hr duration
of superposed epoch analysis (Section 3.3: Figure 6f).

events is 37.3 kV (Section 3.2: Figure 4b).

Weaker magnitude of enhanced cross-polar cap potential across the 3 hr duration
of superposed epoch analysis (Section 3.4: Figure 9f).
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Table 6

Summary of the Key Differences in IMF By and IMF Bz Trends Observed During Strong Thermal Emission Velocity Enhancement (STEVE) and Non-STEVE

Substorm Events

IMF By and IMF Bz

STEVE events Non-STEVE substorm events

IMF By has generally low magnitudes for 32 events, and the median value is IMF By has generally low magnitudes for 32 events, and the median value is
predominantly negative across the 3 hr duration of superposed epoch analysis predominantly positive across the 3 hr duration of superposed epoch analysis
(Section 3.3: Figure 6g). (Section 3.4: Figure 9g).

The median of IMF Bz gradually decreases from almost zero at 1.5 hr prior to The median of IMF Bz decreases from almost zero at 1.5 hr prior to onset to
onset to about —3 nT at substorm onset and gradually grows back to —1.5 nT about —3 nT at substorm onset at the slow rate at the beginning and more
after 1.5 hr post onset (Section 3.3: Figure 6h). Bz temporal variation is less sharply close to onset. It grows back to nearly zero after 1.5 hr post onset. Bz
defined. temporal variation is more defined (Section 3.4: Figure 9h).

this high-latitude ionospheric convection structure can be gained from the work by Gkioulidou et al. (2009). They
have investigated electrodynamics involved in the Harang reversal's formation and reported that the equatorward
portion of the convergent electric fields (associated with the Harang reversal) contribute to intensify the initial
poleward electric field in that region, producing strong westward subauroral E X B drifts identified as SAPS.
As previously mentioned, this study reveals that the asymmetric electrostatic potential patterns observed for regu-
lar substorms in absence of STEVE are mainly observed during the growth and expansion phase of substorm. In
contrast, for the STEVE events studied in this paper, the asymmetric mode of variability starts to form during the
substorm growth phase and is maintained well into the recovery phase beyond STEVE optical onset. Considering
the results reported by Gkioulidou et al. (2009), this study's results suggest that the Harang reversal is present for
a longer time during STEVE events than regular substorms, potentially playing a role in enhancing even further
westward subauroral E X B drifts. This mechanism could help explain the connection between STEVE and
extreme SAIDs previously reported in Archer et al. (2019a) and MacDonald et al. (2018).

Furthermore, a recent study by Nishimura et al. (2020) has reported on the magnetospheric conditions for two
STEVE events and compared to conditions found during two non-STEVE SAID/SAPS substorm events. Using
SUSSI images from DMSP satellites, they have found that for STEVE events the substorm surge and intense
upward field-aligned currents, reaching into the pre-midnight dusk sector, but for non-STEVE substorms they are
localized around midnight. Although more research is needed to clearly elucidate this, the electrostatic potential
asymmetry identified in this study could help explain the surge's fast motion reported by Nishimura et al. (2020).
The two STEVE events included in the Nishimura et al. (2020) investigation are the 26 March 2008 and 5 April
2010 events, which are also investigated in this paper. The dawn-cell extensions seen in the AMGeO convec-
tion patterns produced for these events display qualitative similarities to the westward substorm surge extension
reported in Nishimura et al. (2020) (see Supporting Information Movies 1 and 2 for more information). From a
comparative visual inspection of the AMGeO convection patterns for the STEVE events occurring on 26 March
2008 and 5 April 2010, the westward extension of the dawn-cell appears more prominent for the event occurring
on 26 March 2008. This is in agreement with the DMSP's SUSSI LBHL image analysis presented by Nishimura
et al. (2020). Physical implications of the potential connection between the dawn-cell extension trend found
in AMGeO electrostatic potential maps in this study and the substorm surge identified in SUSSI images in
Nishimura et al. (2020) may be further investigated in the future; however, it should be noted that there are differ-
ences in terms of the data being used and the scales of interests between these studies.

6. Conclusions

This paper presents the first comprehensive study focusing on characteristic global-scale ionospheric electrody-
namics associated with STEVE events and identifies key differences from non-STEVE substorm events. We have
found distinguishing differences in the mean convection patterns and global modes of convection patters varia-
bility around the mean for these categories of events. This data-intensive STEVE study involves 192 total hours
of 5 min assimilative mapping analysis by AMGeO. These assimilative mapping analysis of high-latitude iono-
spheric convection patterns are obtained from a large amount of SuperDARN plasma drift data and ground-based
magnetometer data distributed by SuperMAG for 32 STEVE and 32 non-STEVE substorm events. The PCA,
superposed epoch analysis, and correlation analysis are further applied to the AMGeO maps to identify key
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differences between STEVE and non-STEVE substorm events as summarized in Section 4. In general, our
findings are consistent with the previous studies by Gallardo-Lacourt et al. (2018) and Nishimura et al. (2020)
suggesting that STEVE optical events occur during specific and unique types of substorms that are distinct from
typical substorms where STEVE is not present.

Main findings regarding specific differences in the global convection patterns observed during substorms with
and without STEVE events are categorized into four main categories including magnitude, morphology, and
timing as well as the relationship to geomagnetic activity parameters described below.

Magnitude

¢ A magnitude difference in cross-polar cap potential drop observed in the mean electrostatic potential maps
for STEVE and non-STEVE substorm events is about 10 kv. For STEVE events the magnitude is 48.15 kV
compared to non-STEVE substorm events at 37.30 kV (Section 3.2).

e A larger magnitude of cross-polar cap potential is present across the entire 3 hr duration of the superposed
epoch analysis for STEVE events compared to non-STEVE substorm events (Sections 3.3 and 3.4).

Morphology

e STEVE events exhibit an enhanced prolonged asymmetry in the morphology of both the dawn and dusk cells
in AMGeO convection maps.

e There is also a difference in the dawn-cell extension morphology between STEVE and non-STEVE substorm
events. For the majority of the 32 STEVE events investigated in this study, a strong westward extension of
the dawn-cell, penetrating into the dusk-cell in the pre-midnight sector near subauroral latitudes, is observed
(Section 3.1).

e A dawn-cell extension is also observed in the AMGeO electrostatic potential maps of non-STEVE substorm
events; however, the dawn-cell morphology is typically not as far extended into the pre-midnight sector and is
more localized around midnight (Section 3.4).

e The spatial morphology of the dawn-cell extension mode (PC3) for STEVE events is significantly more
pronounced and farther extending into the pre-midnight sector than PC3 for non-STEVE substorm events
(Figures 5 and 8). There is a direct relationship observed between the maximum of PC3 coefficients and the
extent of the dawn-cell extension in terms of magnitude and penetration depth into the dusk cell for both cate-
gories of events. Due to the spatial morphology differences in PC3, the dawn-cell extension observed at the
maximum of PC3 coefficients for STEVE events tends to be more intense than that observed for non-STEVE
substorm events (Figure 11).

Timing

e Although there is variability among individual events, typically during STEVE events the dawn-cell extension
starts during the growth phase of substorm, persisting all the way through the recovery phase of substorm
(Section 3.6). Non-STEVE substorm events also have variations among individual events, but for the majority
of events the dawn-cell extension is visually detected during the growth phase through the end of the expan-
sion phase of substorm (Section 3.6).

e There are also several notable differences that have been identified related to the timing in PC coefficients
variation over the duration of STEVE and non-STEVE substorm events (Section 4; Table 4). For STEVE
events, the median of PC1 coefficients continues to increase during the substorm recovery phase as opposed to
approaching zero as observed for non-STEVE substorms (Figure 11). This difference in the evolution of PC1
coefficients is related to the prolonged dawn-dusk asymmetry observed for STEVE events.

Relationship to Geomagnetic Activity Parameters

¢ Although further investigation is required to understand physical connections between IMF and modes of
variability of global convection patterns, notable differences have been observed in IMF By and IMF Bz
between STEVE and non-STEVE substorm events. The dawn-cell extension associated with STEVE events
is found largely unrelated to IMF By, which is in agreement with the past studies. While the median of IMF
By is mostly negative for the 3 hr duration of superposed epoch analysis for STEVE events (Figure 6e), for
non-STEVE substorms, IMF By is mostly positive (Figure 9¢). The temporal variation of the median of IMF
Bz, reaching to the greatest negative value at substorm onset, is generally similar between these two categories
of events, but the variation is more distinct for non-STEVE substorms (Figures 6h and Sh).
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e The average greatest minimum magnitude of the AL-index for STEVE events is —614 nT and the average
minimum AL-index for non-STEVE substorm events is found to be —547 nT (Section 2.1). This result
is consistent with the Gallardo-Lacourt et al. (2018) work wherein larger AL values and a long-lasting
expansion phase have been found to be associated with STEVE events. Although the mean magnitude of
AL index is 67 nT stronger for the STEVE events analyzed in this study, there is no clear indication that
the strength of AL could be used to predict the likelihood of observing a stronger (or weaker) dawn-cell
extension.

In summary, the global modes of high-latitude ionospheric electrodynamics associated with optical STEVE
events characterized in this study provide an important clue to better understand what makes STEVE events
different from other substorms, and help to further unravel physical mechanisms behind these STEVE events.
In addition, this investigation showcases the exceptional capabilities of AMGeO software when utilized as a
data-mining research tool for uncovering unknown physical characteristics of high-latitude electrodynamics from
large amounts of geospace data sets. Our future work with AMGeO includes analyzing different features of
high-latitude electrodynamics during SAPS and SAID events by using previously analyzed events (e.g., Archer
et al., 2019a; Erickson et al., 2011); such study could help us understand the global ionospheric conditions that
give rise to the extreme SAID parameters detected during STEVE events.
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