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Abstract Auroral substorms that move from auroral (<70°) to polar (>70°) magnetic latitudes (MLAT) are
known to occur preferentially when a high‐speed solar wind stream passes by Earth. We report here on
observations that occurred during a ∼75‐min interval with high‐speed solar wind on 28 November 2022 during
which auroral arcs and very large geomagnetic disturbances (GMDs), also known as magnetic perturbation
events (MPEs), with amplitude >9 nT/s = 540 nT/min moved progressively poleward at eight stations spanning
a large region near and north of Hudson Bay, Canada shortly before midnight local time. Sustained GMD
activity with amplitudes >3 nT/s appeared at each station for durations from 13 to 25 min. Spherical Elementary
Currents Systems maps showed the poleward movement of a large‐scale westward electrojet as well as
mesoscale electrojet structures and highly localized up/down pairs of vertical currents near these stations when
the largest GMDs were observed. This study is consistent with other recent studies showing that very large
poleward‐progressing GMDs can occur under high Vsw conditions, but is the first to document the sustained
occurrence of large GMDs over such a wide high‐latitude region.

1. Introduction
The latitudinal range of Earth's auroras and the most prominent of their variations, the auroral substorm, have
been a subject of study for decades, beginning with the pioneering efforts of, for example, Akasofu (1964).
Correlations between the onset and intensity of auroral and geomagnetic activity and features of the interplanetary
magnetic field (IMF) and solar wind were also discovered early in the space age, for example, beginning with the
discovery by Fairfield and Cahill (1966) that a southward IMF impinging on Earth's magnetosphere could spark
sudden increases in activity. The latitudinal range within which the auroral oval occurs has been found to vary
significantly, contracting toward the polar cap during conditions of low geomagnetic activity and expanding
equatorward during intervals of high activity. During the substorm expansion phase, auroras and a westward
electrojet move poleward (Kisabeth and Rostoker, 1974; Troshichev et al., 1974). A particular class of substorms,
high‐latitude substorms, begin in the auroral zone and then propagate to high latitudes (Akasofu, 2004; Despirak
et al., 2014; Doolittle et al., 1998; Gussenhoven, 1982). A characteristic of the driving of the high‐latitude
substorms studied in the latter three papers that distinguishes them from the majority of substorms is that they
occurred during high speed solar wind streams.

The impact of externally triggered extreme geomagnetic activity on technological infrastructure, large cur-
rents induced in long‐distance telegraph lines, was first noted in association with the “Carrington event”
(Carrington, 1859), when intense low‐latitude auroras appeared shortly after an unusually strong solar flare.
Similar large, rapid perturbations in magnetic fields, known as geomagnetic disturbances (GMDs), that often
occur during such periods of extreme geomagnetic activity (Boteler, 2019; Hapgood, 2019; Love et al., 2019)
are now understood to produce damaging geomagnetically induced currents (GICs) that can couple to long‐
distance electrical power lines, pipelines, and even undersea cables (Ngwira & Pulkkinen, 2019).

Recent statistical studies of GMDs by Milan et al. (2023) and Engebretson, Yang, et al. (2024) reported a strong
association between large GMDs and high solar wind velocity (Vsw) values. Milan et al. (2023) used 1‐min
cadence observations from all ground‐based magnetometers in the SuperMAG (Gjerloev, 2012) database from
1995 through 2020. As a proxy for large dB/dt values in each component, they identified minute‐to‐minute
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changes in any magnetic field component that exceeded 300 nT. They found that most such events occurred
predominantly at >50° MLAT, and that pre‐midnight GMDs occurred at all phases of the solar cycle but
maximized in the declining phase. Figure 3 of Milan et al. (2023) showed that the occurrence rate of these events
in three different local time sectors peaked during the years when Vsw distributions were the highest.

Engebretson, Yang, et al. (2024) used 0.5‐s cadence observations from five stations in the MACCS and
AUTUMNX arrays from 65° to 75° MLAT from 2011 through 2022 to identify all large and extreme GMDs
with greater than 6 nT/s and 20 nT/s (360 nT/min and 1200 nT/min, respectively). This study found that both
GMD populations maximized during the declining phase of the solar cycle, and that in particular the occurrence
of >20 nT/s GMD was strongly associated with high Vsw values (their Figure 4). Engebretson, Yang,
et al. (2024) also showed that GMD occurrences in two earlier long‐term studies peaked during the declining
phase: Kellinsalmi et al. (2022) compiled the distribution of >1 nT/s GMDs observed at Sodankylä, Finland
from 1996 through 2018, and Marshall et al. (2011) presented GMD activity index data from 1985 through
2009 from several sites across Australia.

It is important to note that sparsely populated eastern Arctic Canada is not particularly vulnerable to damage from
GICs. No long‐distance conductors are present; instead, each of its towns has its own electrical power utility.
However, the two‐dimensional magnetometer coverage in eastern Arctic Canada has been useful for what was
labeled “discovery research” in the 2024 Solar and Space Physics Decadal Survey (National Academies of
Sciences, Engineering, and Medicine, 2024) in many studies of high latitude phenomena, including several recent
studies of GMDs, especially with regard to their mesoscale features and physical causes.

This study provides an additional example of the close associations between large isolated GMDs and mesoscale
ionospheric features that have been reported in recent studies by Weygand et al. (2021, 2022), McCuen
et al. (2023), Engebretson, Gaffaney, et al. (2024), and Shi et al. (2025).

Weygand et al. (2021) used Spherical Elementary Current Systems (SECS) maps to characterize the locations of
279 GMD events with amplitude >6 nT/s observed at two stations in Arctic Canada during 2015 and 2017 relative
to eastward or westward electrojets and downward or upward region 1 and region 2 field‐aligned currents. They
examined four events in detail, with varying contexts of storm and substorm conditions. In each case, the hor-
izontal ionospheric currents intensified and highly localized and transient vertical currents appeared over the
observing station, and in both the events for which auroral images were available, brightening overhead arcs were
observed.

Weygand et al. (2022) examined two north‐south auroral streamer events and simultaneous fast earthward flows
in the near magnetotail observed by the THEMIS spacecraft. In both cases SECS analyses revealed a localized up/
down current pair beneath the streamer, a localized horizontal current between them, and a surrounding current
vortex.

McCuen et al. (2023) and Engebretson, Gaffaney, et al. (2024) reported similarly localized ionospheric currents
and aurorae in association with large GMDs, but also presented evidence that they were closely associated with
dipolarization fronts observed at synchronous orbit (McCuen et al., 2023) or dipolarizing flux bundles observed
by THEMIS in the near magnetotail (Engebretson, Gaffaney, et al., 2024).

More recently, Shi et al. (2025) presented a detailed examination of a GMD event that occurred in a region in the
upper Midwest United States during a 3‐week interval in 2011 when both geomagnetic and geoelectric fields were
recorded at a 1‐s cadence at 8 stations in a dense array as part of the EarthScope project. This data set provided
unprecedented spatial details of both the magnetic perturbations and the geoelectric fields, and the inferred
ionospheric currents were consistent with ionospheric equivalent and vertical currents derived from SECS
analysis of other magnetometers in the region, but excluding these 8 stations.

In this study, we use magnetometer data from a two‐dimensional array of magnetometers in eastern Arctic Canada
to show the widespread occurrence of >9 nT/s GMDs and sustained tens of minute intervals of >3 nT/s GMDs at
very high latitudes, and augment it with all‐sky imager data and Spherical Elementary Current Systems (SECS)
maps in order to provide physical insight into the mesoscale features associated with them. Section 2 introduces
the ground magnetometers and all‐sky imagers used in this study. Section 3.1 presents the large‐scale solar wind
and magnetospheric context of this event, Section 3.2 presents the magnetic field data, and Section 3.3 presents
auroral imager data and SECS maps to show the smaller scale context and features of these events. Section 4
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discusses the connections of this event to earlier studies, and Section 5 summarizes our findings and their
implications.

2. Instrumentation
Vector magnetometer data used in this study were recorded at nine high magnetic latitude stations in the MACCS
(Engebretson et al., 1995), CARISMA (Mann et al., 2008), and CANMOS (Nikitina et al., 2016) arrays and at the
British Geological Survey Resolute Bay site in eastern Arctic Canada with corrected geomagnetic latitude (CGM

Lat) from 71.2° to 82.0° and magnetic longitude between −32° and +3°, as
detailed in Table 1 and Figure 1. MACCS data were sampled at a 2 Hz
cadence; CARISMA, CANMOS, and RES data were sampled at a 1 Hz
cadence. Derivatives were calculated using the Lagrangian 3‐point derivative
approximation for digitally sampled data, dB/dt[i] = (B[i + 1] − B[i − 1])/
2Δt, which provides timing at the center time t[i] for both sampling rates. All
magnetometer data are presented in local magnetic coordinates with sensor
axes oriented as follows: X: magnetic north, Y: magnetic east, and Z: vertically
down. This study also makes use of all‐sky white‐light images produced by
the THEMIS imagers located at Rankin Inlet and Taloyoak (Donovan
et al., 2006; Mende et al., 2008).

3. Observations
3.1. Background Conditions

The context of this event is shown in Figure 2, a composite of OMNI IMF and
solar wind data time shifted to the nose of the bow shock, the SMU and SML
auroral activity indices (SuperMAG versions of the AU and AL indices), and
the SYM/H index, from 04:30 to 06:00 UT on this day. Panel a shows that the
IMF Bx component was negative near −7 nT from 05:14 UT to beyond 06:00
UT, the By component was strongly positive (∼5–∼8 nT) from 04:40 to
beyond 06:00 UT, and the Bz component was <−5 nT from 04:30 to 05:13
UT and positive near +5 nT from 05:15 to ∼05:45 UT. The OMNI solar wind
velocity (Vsw), number density (Nsw) and dynamic pressure (Psw) are shown

Table 1
Locations of the Magnetometer Stations Used in This Study

Array Station Code
Geog. Geog. CGM CGM UT of Mag
Lat. Lon. Lat. Lon. Midnight

MACCS Gjoa Haven GJO 68.6° 264.2° 76.3° −29.3° 06:25

Igloolik IGL 69.3° 278.2° 77.1° −5.2° 04.55

Repulse Bay RBY 66.5° 273.8° 74.6° −12.6° 05:23

Coral Harbor CHB 64.2° 276.7° 72.4° −7.8° 05:05

Cape Dorset CDR 64.2° 283.4° 72.1° 2.6° 04:25

CARISMA Taloyoak TAL 69.5° 266.5° 77.2° −25.7° 06:11

Rankin Inlet RAN 62.8° 267.9° 71.2° −21.8° 05:57

CANMOS Baker Lake BLC 64.3° 264.0° 72.4° −28.2° 06:21

BGS Resolute Bay RES 74.9° 265.1° 82.0° −31.6° 06:33

Interstation Distances: GJO‐TAL 136 km

RAN‐CDR 786 km

Note. Geographic and corrected geomagnetic (CGM) latitude and longitude are shown, as well as the universal time (UT) of
local magnetic midnight. Distances between two selected pairs of stations are also presented. CGM coordinates were
calculated for epoch 20221128 at 100 km altitude, using http://sdnet.thayer.dartmouth.edu/aacgm/aacgm_calc.
php#AACGM.

Figure 1. Map of ground magnetometer stations used in this study. Dotted
lines show geographic latitude and longitude, and solid lines show corrected
geomagnetic latitude and longitude. A portion of Hudson Bay is visible at
the southern edge of the map.

Journal of Geophysical Research: Space Physics 10.1029/2025JA033818

ENGEBRETSON ET AL. 3 of 14

 21699402, 2025, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JA

033818 by U
niversity O

f M
ichigan Library, W

iley O
nline Library on [18/09/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

http://sdnet.thayer.dartmouth.edu/aacgm/aacgm_calc.php
http://sdnet.thayer.dartmouth.edu/aacgm/aacgm_calc.php


only intermittently; they indicate after 05:00 UT an elevated Vsw (∼550 km/s), Nsw between ∼4 and 6 cm−3, and
Psw between ∼2 and 4 nPa.

THEMIS/Artemis‐1, located upstream of Earth at 05:30 UT at X = 32.4 RE, Y = 47.5 RE, and Z = −15.8 RE in
GSM coordinates, observed similar variations in each IMF component at 05:08 UT, approximately 5 min before
they occurred in the time‐shifted OMNI data and consistent with the ∼4 min time shift from the THEMIS/
Artemis‐1 location to the nose of the bow shock (not shown). Vsw dropped gradually from 540 km/s at 5:15 UT to
520 km/s at 06:00 UT, values slightly lower than OMNI values of ∼560 and ∼550 km/s, respectively.

The SMU index (panel e of Figure 2), an indicator of eastward electrojet activity, showed modest changes
approximately opposite in sign to the IMF Bz component. The SML index (panel f) showed a slowly increasing
level of westward electrojet activity from 04:30 to 05:30 UT with a minimum value near −1100 nT, after which
the activity diminished more rapidly. Three rapid but short‐lived drops in SML coincided approximately with the
times of three substorm onsets identified using the Newell and Gjerloev (2011) criteria and included on the set of
substorm onset lists presented on the SuperMAG web site (https://supermag.jhuapl.edu/substorms/), indicated by
the red arrows, with drops of −100, −150, and −300 nT, respectively. The SYM/H index (panel g) fell slowly to a
minimum value of −61 nT at 05:50 UT, after which time it gradually increased to −32 nT at 12:00 UT (not
shown).

3.2. Ground‐Based Magnetometer Observations

Figure 3 shows three components of the magnetic field observed at four representative stations: two of the highest
latitude stations (GJO and TAL) and two of the lowest latitude stations (RAN and CDR) from 04:30 to 06:00 UT
on this day. Also included in the bottom panels at each station are superposed color‐coded plots of the time

Figure 2. Time‐shifted interplanetary magnetic field (panel a), solar wind velocity, density, and dynamic pressure (panels
b–d) each from the OMNI database, and the SMU, SML, and SYM/H magnetic activity indices (panels e–g) from 04:30 to
06:00 UT 28 November 2022. The onset times of the three substorms identified in the SuperMAG Newell & Gjoerloev list
are indicated by red arrows at the bottom of panel (f).
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derivatives of each component, and the times of the three substorm onsets shown in Figure 2. Similar magnetic
field plots for the other stations are included in the Supporting Information S1.

From 04:00 (not shown) to 04:50 UT, the magnetic field was roughly constant at all nine stations in the region
bordering Hudson Bay and poleward of it, as shown in Figure 1. Near 04:52 UT, a 700–1100 nT negative bay
began at the four lowest latitude stations (between 71.2° and 72.4°). A negative bay began at RBY (74.6°) 10 min
later, near 05:00 UT, and at the four higher latitude stations (between 76.3° and 82.0°) 900–1250 nT negative bays
began only near 05:10 UT. The times of the minima of the negative bays ranged from 05:10 to 05:22 UT for the
five southernmost stations and from 05:28 to 05:40 UT for the four higher latitude stations.

Only slow variations in each component occurred from 05:10 to 05:22 UT at GJO and TAL, located 136 km apart
(panels a–c and e–g), and derivatives in all three components were below 1 nT/s (panels d and h). The simul-
taneous onset of a significant drop (negative bay) in Bx at 05:22 UT can be seen in panels a and e, and nearly
simultaneous Bx variations, but with smaller amplitude at TAL, were evident until 05:34 UT. The Bx component
at GJO began a recovery toward earlier levels at 05:34 UT, while the recovery at TAL began slightly later, near
05:37 UT. Variations in the By component between 05:24 and 05:34 UT were also nearly simultaneous and
roughly 2 times larger at TAL, but similar variations in the Bz component were ∼50% larger at GJO. Derivative
amplitudes in all three components at both stations increased rapidly at 05:23 UT (panels d and h), peaked at times
corresponding to the most rapid changes in each component, and continued until 05:50 UT before returning to
amplitudes <1 nT/s.

Figure 3. Magnetic field data and their derivatives in local geomagnetic coordinates at Gjoa Haven (panels a–d), Taloyoak
(panels e–h), Rankin Inlet (panels i–l), and Cape Dorset (panels m–p), respectively, from 04:30 to 06:00 UT 28 November
2022. The onset times of the three substorms identified in the SuperMAG Newell & Gjoerloev list are indicated by red arrows
in the bottom of panels (d, h, l, and p).
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Large variations in the magnetic field at RAN and CDR, located 786 km apart but at similar MLAT, began and
ended several minutes earlier (Panels i–k and m–o). Slight drops in Bx near 04:53 UT occurred 1 min after the
substorm onset, and rapid drops (negative bay) began at 05:02 UT. Subsequent variations in all three components
during the magnetic bay differed in detail at the two stations: they were similar in polarity in Bx and Bz but often
opposite in By.

SECS maps (e.g., Figures 4c and 4d) can be used to understand the difference in the By trends at the two stations.
As an example, Figures 4c and 4d below show the development of a strong westward equivalent current (a
westward electrojet) with a large east‐west extent during both the beginning and middle of the negative bay. Its
northern edge was near both stations, thus explaining the similarity of the Bx and By components. However,
between 04:58 and 05:04 UT (not shown) a localized large poleward‐directed equivalent current was evident
north of CDR, which would produce the westward (negative) By component there, while only a much weaker
northward current was observed farther west at RAN, where only a slight few‐minute increase in By was observed
during that time.

After 05:30 UT, Bx values at both stations gradually rose toward prior levels. Derivative amplitudes in all three
components at both stations increased rapidly at 05:02 UT (panels l and p) and continued until ∼05:28 UT before
returning to amplitudes <1 nT/s, but peaked at quite different times, again corresponding to the most rapid
changes in each component.

Table 2 shows for each of these nine stations the occurrence time, amplitude, and component of the largest GMD
and the duration of nearly continuous GMD activity with amplitude >3 nT/s at each station, in order of increasing
latitude. This amplitude value was chosen based on the data, but we note that it is intermediate between 1 nT/s and
5 nT/s, two commonly suggested threshold values for generating damaging GICs (Viljanen et al., 2001;
Woodroffe et al., 2016). The onset time of intervals of >3 nT/s GMDs at each station was delayed monotonically
with increasing latitude, while the times of the peak GMDs at each station showed a similar trend but with much
more variability. Table 2 also shows the variability in direction of the largest GMDs: they could appear in any

Figure 4. Spherical Elementary Current Systems (SECS) maps of the equivalent ionospheric currents (black arrows) and
vertical current intensities (upward in red, downward in blue) across northern North America and western Greenland at
04:32, 04:40, 04: 50, and 05:16 UT. The yellow circle in each map outlines the region of interest. The black lines indicate the
midnight local time meridian. The stars show the locations of magnetometers in North America and Greenland providing
data for the SECS map on this day, and the dots show the grid points at which the horizontal currents were calculated.

Journal of Geophysical Research: Space Physics 10.1029/2025JA033818

ENGEBRETSON ET AL. 6 of 14

 21699402, 2025, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JA

033818 by U
niversity O

f M
ichigan Library, W

iley O
nline Library on [18/09/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



component and with any sign despite the fact that they occurred within the
duration of the simultaneous negative bay in Bx; in fact, the two largest
GMDs, at BLC and GJO, occurred in the Z component, and with opposite
signs. This variability suggests that at these magnetic latitudes there is
possibly no optimal orientation of long‐distance power lines or pipelines that
would significantly reduce their susceptibility to the generation of GICs. The
time of the onset of continuous >3 nT/s GMD activity appeared first at the
two lower latitude stations, and was successively later at higher latitude
stations. The duration of continuous activity showed no clear latitudinal or
longitudinal pattern. The time of the largest GMD within each interval of
continuous GMD activity also varied with no apparent pattern; it could be
near the middle or closer to the beginning or end.

Table 3 lists all of the substorm onsets in the Newell and Gjerloev (2011),
Forsyth et al. (2015), and Ohtani and Gjerloev (2020) lists available on the
SuperMAG web site. The 04:32/04:29 UT onset and the 04:52 UT onset
occurred under negative IMF Bz conditions. Both the Newell and Gjerloev and
Forsyth et al. lists identified Nain (on the east coast of Labrador) as the location

of the 04:32 UT onset, but this onset had negligible effects on the magnetic field at any of the nine stations. The
Newell and Gjerloev list identified Fort Churchill as the location of the 04:52 onset. At Fort Churchill (not shown)
an isolated −7 nT/s GMD occurred at this time in association with a rapid 200 nT drop in the Bx component, but as
noted above, only very gradual onsets of large negative bays were observed at BLC, RAN, CHB, and CDR near this
time.

The Newell and Gjerloev list also identified BLC as the location of the 05:17 UT onset, consistent with a rapid
∼250 nT drop in the SML index that occurred during northward IMF conditions. As noted above, onsets of
negative bays were observed at GJO, TAL, and IGL at that time. However, the BLC magnetogram Figure S1 in
Supporting Information S1 shows that a rapid 350 nT drop in the Bx component at 05:17 UT occurred while Bx
was already near the minimum of the negative bay that began near 04:52 UT, so it was associated with a re‐
intensification of the ongoing substorm and not the onset of a new substorm. This figure also shows an
intense GMD (10.0 nT/s in By and 18.6 nT/s in Bz) 2 minutes later at 05:19 UT as the Bx component reached its
minimum. Although it may be unusual for such an intensification to occur during northward IMF conditions, this
intensification might be related to localized structure in the IMF, or it could instead be caused by belated internal
dynamics in the magnetotail following the slightly earlier northward turning of the IMF. No subsequent substorm
onsets were listed until ∼08:00 UT. We also note that each of the large GMDs listed in Table 2 occurred between
05:14 and 05:31 UT, that is, with a delay of ≥22 min after the closest previous substorm onset at 04:52 UT.

3.3. SECS Maps and Auroral Images

Figures 4 and 6 show maps of equivalent ionospheric currents and vertical current intensities (a proxy for field‐
aligned currents) across northern North America using the Spherical Elementary Current Systems (SECS) method
(Amm, 1997; Amm & Viljanen, 1999; Amm et al., 2002) produced using all available ground‐based magne-
tometers in northern North America and western Greenland (Weygand, 2009a, 2009b; Weygand et al., 2011).

The SECS method first produces the equivalent ionospheric currents by
removing a background magnetic field from the ground magnetometers and
then inverting the remaining magnetic field fluctuations through singular
value decomposition to obtain the equivalent currents. Auroral images and
particle precipitation data indirectly indicate that the ionospheric conductivity
is non‐uniform, but the distribution or values of the conductivity are not
needed to obtain the equivalent currents. The second part of the SECS method
is to obtain the curl‐free currents, which the SECS method refers to as current
amplitudes (field‐aligned‐like currents), because they are vertical currents
derived at predetermined ionospheric grid points. These current amplitudes
are calculated from the curl of the equivalent ionospheric currents. To obtain
these results from Ohm's law in the ionosphere, two assumptions are made.

Table 2
Occurrence Time, Amplitude, and Component of the Largest GMD at Nine
Stations, in Order of Increasing Magnetic Latitude, and the Time Span and
Duration of Nearly Continuous GMD Activity With Amplitude >3 nT/s

Station MLAT Time (UT) GMD amplitude
Time and duration of

>3 nT/s GMDs

RAN 71.2° 05:19 −10.93 Z 05:02–05:27 25 min

CDR 72.1° 05:23 −9.19 X 05:02–05:28 24 min

CHB 72.4° 05:14 −10.57 X 05:06–05:24 18 min

BLC 72.4° 05:18 18.61 Z 05:10–05:31 21 min

RBY 74.6° 05:23 −10.37 Y 05:19–05:33 14 min

GJO 76.3° 05:30 −19.46 Z 05:24–05:45 21 min

IGL 77.1° 05:28 14.04 X 05:24–05:37 13 min

TAL 77.2° 05:31 9.25 Y 05:24–05:45 21 min

RES 82.0° 05:46 0.81 X ‐‐‐ ‐‐‐ 0 min

Table 3
Substorm Onsets Immediately Before, During, and After the Time Interval
From 04:30 to 06:00 UT on 28 November 2022 Included in the Newell and
Gjerloev (2011), Forsyth et al. (2015), and Ohtani and Gjerloev (2020)
Substorm Lists Available on the SuperMAG Web Site

List Date Time Time Time Time Time Times

Newell & Gjerloev 11/28 03:27 04:32 04:52 05:17 09:05

Forsyth et al. 11/28 03:11 04:29 08:01 09:05

Ohtani & Gjerloev 11/28 03:26 07:56
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The first assumption is that the Hall to Pedersen conductance ratio is constant: α = ΣH/ΣP = constant where ΣH

and ΣP are the height integrated Hall and Pedersen conductivities. The second assumption is that
(∇ΣH × E⃗)r = 0, where E⃗ is the convection electric field. From these two assumptions, Ohm's law can be
simplified and the current amplitudes can be written as

jdf,r = ∇ · J⃗ = −
1
α

(∇ × J⃗df)

where J⃗df is the divergence free current (equivalent current) and jdf,r is the current amplitude (vertical current/field
aligned like current). For more details on the derivation, see Amm et al. (2002), Juusola et al. (2009), and
Vanhamäki and Amm (2011).

Figure 4 shows SECS maps at four times near the beginning of this interval. The stars show the locations of
magnetometers providing data on this day, and the dots show the grid points at which the horizontal currents were
calculated. The maps are most accurate in regions with dense magnetometer coverage. The yellow circle in each
of these maps outlines the region of interest. It is centered over the locations of GJO and TAL; BLC and RAN are
near the bottom, and CDR is just outside the circle at the lower right. At 04:32 UT, the time of the first identified
substorm onset in Figure 2, and before the appearance of any magnetic bay, Figure 4a shows only weak and
mostly northward equivalent currents in this region. To the south, an extended east‐west region of downward
vertical current (blue) separated the circled region from a narrow region of westward equivalent currents
extending from Greenland to central Canada. Four patches of upward vertical current (red) were located beneath
and slightly equatorward of the westward currents. By 04:45 UT (Figure 4b) the extended vertical current region
had moved slightly northward, and the westward equivalent current region had both broadened and intensified.
By 05:00 UT (Figure 4c), the upward current region had intensified and reached northward over RAN and CDR,
and the regions of westward and upward currents also had intensified and moved northward (note the factor of two
change in scale for panels c and d). Between 05:09 and 05:11 UT, the SML index showed a ∼150 nT downward
spike (Figure 2f), and both regions moved rapidly poleward (not shown). By 5:16 UT (Figure 4d), near the time of
the minima in the Bx components at RAN and CDR, an even more intense longitudinally extended band of
downward current stretched between BLC and GJO, and southward of it an even stronger and slightly wider
westward electrojet was present. Throughout the period between 04:20 and 05:16 UT, the equivalent currents at
GJO, TAL, and IGL remained weak and mostly northward.

Four additional SECS maps at times after the IMF turned strongly northward and antisunward are shown in
Figure 6. We comment here only on the first of these, at 05:24 UT (Figure 6a), ∼9 min after the IMF turned
strongly northward. By this time, patches of upward current had moved to the north and west of GJO and TAL,
and south‐southwest‐directed equivalent current vectors reached just south of these stations. Also, at this time,
GMDs at GHO and TAL suddenly increased in amplitude to 20 and 10 nT/s (Figures 3d and 3h), respectively.

Figure 5 shows simultaneous zoomed‐in SECS maps of equivalent ionospheric and vertical currents and all‐sky
camera images from the TAL imager at 05:16, 05:30, 05:31, and 05:32 UT. The field of view of the imager
corresponds closely to the circled region, as can be seen by comparing the background outlines of land masses and
the symbols identifying station locations. Figure 5a, a zoomed‐in version of Figure 4d, shows more clearly the
spatial separation between the region of westward currents at the southern edge of the circled region and the very
weak and mostly northward currents in the northern half of that region. Figure 5e shows no auroral activity above
GJO and TAL in the middle of the imager's field of view. The bright regions at the eastern and west‐northwestern
edges of the image are caused by light pollution from the town. A bright region at the southeastern edge shows
activity east of RBY and north of CHB as well as weak activity north of RAN and BLC.

A more complex system of horizontal and vertical currents is evident in Figures 5b–5d, at 05:30, 05:31, and 05:32
UT, spanning the time of the largest GMDs observed at GJO and TAL (Figures 3d and 3h) and near the time of the
Bx minima at these stations. The auroral images during these times (Figures 5f–5h) correspond to a bright
poleward boundary intensification (PBI) during the substorm poleward expansion. At 05:30 UT, patches of
downward current remained to the north and west of GJO and TAL, and a localized region of up to 6.1 μA/m2

upward current appeared at its southern edge, above BLC. Figure 5f shows a bright arc extending from the
southwest toward GJO as well as weak narrow arcs extending from it to GJO and TAL. This bright arc appears to
be located in the middle of the strong westward equivalent current. One minute later, at 05:31 UT (Figure 5c), the

Journal of Geophysical Research: Space Physics 10.1029/2025JA033818

ENGEBRETSON ET AL. 8 of 14

 21699402, 2025, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JA

033818 by U
niversity O

f M
ichigan Library, W

iley O
nline Library on [18/09/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



upward currents (blue) moved slightly more toward the north and west of GJO and TAL, a localized region of
8.3 μA/m2 upward current (red) was located to the southeast of and very close to these stations, and the northern
edge of a bright arc was located over GJO (Figure 5g). The PBI includes a surge (vortical auroral form) just to the
south of the GJO, and it is likely associated with an enhanced upward current and a distortion of the horizontal
current. By 05:32 UT (Figure 5d), the downward current regions were mostly the same, but the intense upward

Figure 5. Left: Zoomed‐in SECS maps of equivalent ionospheric and vertical currents at (a) 05:16 UT, (b) 05:30 UT,
(c) 05:31 UT, and (d) 05:32 UT 28 November 2022. The circled region is the same as in Figure 4. Center: all‐sky camera
images from the Taloyoak imager (e–h) at these same times. The field of view of the imager corresponds closely to the circled
region. Right: Scales for the SECS maps: horizontal equivalent current density (in mA/m) and vertical current density (in
μA/m2).
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current region near GJO and TAL had disappeared, and the edge of the bright auroral arc had moved southeast of
GJO and TAL.

SECS maps at 10‐s time intervals from 05:30 to 05:32 UT (Figure S6 in Supporting Information S1) indicated that
the blue region just north of TAL was nearly stationary and had constant intensity during these two minutes, but
the red region south of GJO grew in intensity from about 0.75 μA/m2 at 05:30 to about 2.2 μA/m2 at 05:30:30 UT,
expanded to southeast of GJO at 05:30:40 UT, intensified to 3.6 μA/m2 and moved closer to GJO at 05:30:50 UT,
and intensified further to 8.3 μA/m2 at 05:31:00 UT while remaining in place. The red region remained nearly
constant in intensity and location through 05:31:30 UT but dropped to 3.7 μA/m2 by 05:31:40 UT, 2.8 μA/m2 by
05:31:50 UT, and 2.2 μA/m2 by 05:32:00 UT, indicating a lifetime of the localized upward current region of
<2 min.

We now return to the later effects of the strongly northward IMF orientation on the latitudinal extent of equivalent
and vertical currents, as shown by SECS maps at 05:40, 05:46, and 05:58 UT (Figures 6b–6d). At 05:40 UT
(Figure 6b), the westward electrojet reached its highest latitude just south of RES, and it covered nearly all
latitudes enclosed in the yellow circle. Between 05:32 and 05:40 UT, GMDs at GJO and TAL continued to occur,
but with peak amplitudes mostly near 4 nT/s (Figures 3d and 3h). Only one GMD at TAL (05:35 UT) exceeded
5 nT/s. Figure S5 in Supporting Information S1 shows that at Resolute Bay, a shallow negative bay in the Bx
component at RES began near 05:22 UT, reached its minimum at 05:40 UT as the westward electrojet reached its
highest latitude, and returned to its previous value by 06:00 UT.

The IMF Bz component dropped to +2 nT by 05:45 UT. Shortly thereafter, at 05:46 UT (Figure 6c) the westward
electrojet began to recede southward, the amplitude of GMDs at GJO and TAL began to drop toward 1 or 2 nT/s,
the negative bay in the Bx component at GJO had returned to nearly its previous undisturbed level, but the
negative bay at TAL had returned only by ∼40%. At 05:50 UT, the IMF Bz component became negative, and by
05:58 UT, as shown in Figure 6d, the northern edge of a considerably weaker westward electrojet was only
slightly north of GJO and TAL and all three components of B at both stations had returned to nearly their prior
04:30 UT levels.

Figure 6. Spherical Elementary Current Systems (SECS) maps of the equivalent ionospheric currents and vertical current
intensities across northern North America and western Greenland as in Figure 4, but at 05:24, 05:40, 05: 46, and 05:58 UT.
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4. Connection to Earlier Studies
This study supplements several prior studies with two new observations. First, GMDs exceeding 9 nT/s appeared
over a large region and, to our knowledge, at the highest yet reported magnetic latitudes during an interval of high
Vsw but only moderately large SML and SYM/H values. Second, because extended exposures to GMDs as well
as to much shorter intervals of large amplitude dB/dt are understood to cause GICs that can damage technological
infrastructure, we have documented the duration of intervals of continuous >3 nT/s GMDs, and demonstrated that
the largest GMDs occurred at various times during these intervals.

This is not the first report of large‐amplitude, poleward‐moving GMDs. In the two storm‐time events pre-
sented by Ngwira et al. (2018), with Vsw ∼710 and ∼500 km/s, respectively, intense dB/dt events appeared
within the auroral zone and moved poleward as the auroral oval expanded poleward. Ngwira et al. showed the
association between intense dB/dt and the poleward moving arc along the poleward boundary of the bulge, and
cautioned that it is not clear that substorms are themselves the primary seeding mechanism for strong dB/dt
events, because substorms are widespread in nature but extreme dB/dt events are localized. The major dif-
ference from their events, however, is that the strong dB/dt in the present paper occurs near the poleward
boundary of the auroral oval associated with a large PBI. The poleward progression of GMDs was also shown
in the first of three multi‐station events presented by Engebretson et al. (2019) with MLAT ranging from 67.7°
to 77.6° (their Figure 4 showed intense currents were associated with the auroral surge along the poleward
boundary), and by McCuen et al. (2023) with MLAT ranging from 62.4° to 75.3°. Both of these events also
occurred during periods of large Vsw, 665 and 685 km/s, respectively. The relation to the PBI in the present
study is analogous to the results shown by Engebretson et al. and McCuen et al., but the PBI in our event is
more localized with only a small poleward expansion, suggesting a confined magnetospheric source region. A
similarly large‐scale GMD event was presented by Wei et al. (2021) with MLAT ranging from 59° to 74°, but
the largest GMDs observed were 7.2 and 6.6 nT/s, and Vsw during this event was ∼460 km/s (still above the
long‐term median value). Mention can also be made of the supersubstorm event studied by Nishimura
et al. (2020); although this study did not focus on dB/dt values, it provided additional evidence of how intense
currents evolve toward the poleward boundary at high latitudes. This event also occurred during an interval of
high Vsw (>700 km/s).

Earlier studies by Zesta et al. (2000, 2006) found that intensifications of substorm‐related auroras at their
poleward boundaries (PBIs) correlated well with plasma sheet fast flows observed within the same local time
sector. Lyons et al. (2012) investigated several large plasma sheet dipolarization fronts or dipolarizing flux
bundles, DFBs (the components of bursty bulk flows) identified by Runov et al. (2009, 2011) and found that many
of these events occurred during the substorm expansion phase after onset and were related to auroral streamers.
Lyons et al. (2012) also noted that the auroral zone ground magnetic field showed only modest responses to
substorm onsets but abrupt and large responses to post‐onset dipolarization‐front‐related streamers.

Panov et al. (2019) compared observations of DFBs that were observed by THEMIS spacecraft during non‐
substorm times in the near magnetotail to observations by magnetically conjugate all‐sky imagers and magne-
tometer networks near THEMIS magnetic footpoints, and showed that localized and short‐lived intensifications
of up/down current pairs, westward electrojet currents, and auroral bright spots occurred near THEMIS footpoints
during each DFB. They did not, however, make explicit connections to the occurrences of GMDs.

Wei et al. (2021) study was the first to provide evidence directly connecting GMDs to bursty bulk flows. It
combined BBF data from Cluster, field‐aligned current data from the low‐altitude Swarm satellites, and ob-
servations of a train of GMDs from stations in central Canada for an interval during the 7 January 2015
geomagnetic storm. Recently, Engebretson, Gaffaney, et al. (2024) identified DFBs observed in the midnight
sector from ∼7 to ∼10 RE by THEMIS A, D, and E during days in 2016–2017 whose northern hemisphere
magnetic footpoints mapped to regions near Hudson Bay, Canada, and compared them to isolated GMDs
observed by ground magnetometers. This study identified 6 days during which one or more of these DFBs
coincided to within ±3 min with ≥6 nT/s GMDs observed by latitudinally closely spaced ground‐based mag-
netometers located near those footpoints. On all but one of these days, Vsw exceeded 500 km/s. Ngwira
et al. (2025) presented a similar example during the early phase of a magnetic storm. Unfortunately, during the
event reported here there were no conjunctions with Geotail, Cluster, THEMIS A, D, or E satellite passages
through the near magnetotail, so this study cannot provide any evidence directly linking these GMDs to any
drivers in the magnetotail.
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Several studies have found that the auroral structures associated with localized fast flows in the magnetotail fall
into two main categories: auroral streamers and transient auroral bright spots. Nakamura et al. (2001) found that
BBFs observed by Geotail corresponded either to localized auroral intensifications associated with small pole-
ward expansions and pseudobreakups or to auroral streamers. Panov et al. (2019) compared observations of DFBs
that were observed by THEMIS spacecraft during non‐substorm times amidst azimuthally drifting interchange
heads (depleted plasma tubes) in the near magnetotail to observations by magnetically conjugate all‐sky images
and magnetometer networks near THEMIS magnetic footpoints. Although this study focused on the association
of interchange heads with DFBs, it also showed that localized and short‐lived intensifications of up/down current
pairs, westward electrojet currents, and auroral bright spots occurred near THEMIS footpoints during each DFB.
Both of these studies observed features consistent with those reported here, but neither study made explicit
connections to the occurrence of GMDs. As noted in the introduction, more recent papers by Weygand
et al. (2022), McCuen et al. (2023), and Engebretson, Gaffaney, et al. (2024) made such connections.

5. Summary and Conclusions
Using a combination of data from nine ground magnetometers located in a large region north of Hudson Bay,
Canada, all‐sky imager data, and SECS maps, we have observed a geographically extended interval of very large
geomagnetic disturbances and their association with the drivers and indices of large‐scale geomagnetic activity as
well as with nearby and overhead auroras and mesoscale equivalent ionospheric and vertical currents. Distinct
small‐scale and rapidly changing ionospheric structures were embedded within these regions.

1. Greater than 9 nT/s geomagnetic disturbances (GMDs) were observed at eight high‐latitude sites over a large
region in Arctic Canada during a high‐speed solar wind stream but under moderately disturbed auroral and
storm conditions.

2. GMDs occurred near the poleward edge of the auroral zone in two stages during the expansion phases of a
substorm: first near 72° MLAT and 10–20 min later near 77° MLAT.

3. Sustained >3 nT/s GMD activity appeared at each station with durations from 13 to 25 min during magnetic
bays.

4. The strongest GMDs occurred at various times during these intervals of sustained GMDs.
5. SECS maps revealed that GMDs were associated with highly localized and short‐lived up/down current

pairs and localized electrojet currents. In particular, we noted the rapid appearance and subsequent disap-
pearance of a localized and stationary upward current region very near Gjoa Haven between 05:30 and
05:32 UT.

Although there have been an increasing number of studies of the largest GICs and/or their GMD drivers over a
wide range of latitudes and under varying geomagnetic conditions, we note that there has been less focus on the
temporal extent of potentially dangerous GMDs. We hope that future studies in regions more susceptible to large
GICs will also document the duration of moderate to large GMDs and attempt to assess the possible longer‐term
damage to power systems that they may cause.

Data Availability Statement
Ground‐based magnetometer data from the MACCS and CARISMA arrays used in this study can be accessed
at Engebretson et al. (2011) and Mann et al. (2023), respectively. CANMOS data from BLC and British
Geological Survey data from RES are available from the Intermagnet web site, https://imag‐data.bgs.ac.uk/
GIN_V1/GINForms2. THEMIS all sky imager data from RAN and TAL are available from the THEMIS web
site (Mende, 2004). SECS maps at a 1‐min cadence are available at http://vmo.igpp.ucla.edu/data1/SECS/
Quicklook/; higher time resolution maps are available on demand from James Weygand. The SuperMAG SML
and SMU indices and substorm lists accessed in this study are available from the SuperMAG web site
(Gjerloev, 2012, 2023).
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