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Abstract Extreme (>20 nT/s) geomagnetic disturbances (GMDs, also denoted as MPEs—magnetic
perturbation events)—impulsive nighttime disturbances with time scale ~5—10 min, have sufficient amplitude
to cause bursts of geomagnetically induced currents (GICs) that can damage technical infrastructure. In

this study, we present occurrence statistics for extreme GMD events from five stations in the MACCS and
AUTUMNX magnetometer arrays in Arctic Canada at magnetic latitudes ranging from 65° to 75°. We report
all large (>6 nT/s) and extreme GMDs from these stations from 2011 through 2022 to analyze variations of
GMD activity over a full solar cycle and compare them to those found in three earlier studies. GMD activity
between 2011 and 2022 did not closely follow the sunspot cycle, but instead was lowest during its rising phase
and maximum (2011-2014) and highest during the early declining phase (2015-2017). Most of these GMDs,
especially the most extreme, were associated with high-speed solar wind streams (Vsw >600 km/s) and steady
solar wind pressure. All extreme GMDs occurred within 80 min after substorm onsets, but few within 5 min.
Multistation data often revealed a poleward progression of GMDs, consistent with a tailward retreat of the
magnetotail reconnection region. These observations indicate that extreme GIC hazard conditions can occur
for a variety of solar wind drivers and geomagnetic conditions, not only for fast-coronal mass ejection driven
storms.

Plain Language Summary Geomagnetically induced currents (GICs) can give rise to the most
extreme space weather impact of disrupting electric power distribution. GICs can be driven by extreme
geomagnetic disturbances (GMDs) that are observed as large amplitude (several hundred nT amplitude) and
rapid (5-10 min period) changes in the geomagnetic field. We found that extreme high-latitude GMDs occur
throughout the solar cycle, but are preferentially observed during the declining phase of the solar cycle (the
several year interval just past solar maximum) and in conjunction with high-speed solar wind streams. They
also all occur within 80 min of a geomagnetic substorm, but are not directly related to its explosive onset.
These GMDs are most often observed to propagate poleward consistent with tailward retreat of magnetotail
reconnection regions. These results show that extreme GMDs and hence large GICs can be driven by a variety
of solar wind conditions and not just fast coronal mass ejections.

1. Introduction

Large nighttime geomagnetic disturbances (GMDs) are known as magnetic perturbation events (MPEs) which
are perturbations of 5-10 min duration and amplitudes of hundreds or more nT. These perturbation events are
known to be causally related to geomagnetically induced currents (GICs) that can flow in long conductors such
as electrical power lines, pipelines, and undersea cables (Boteler et al., 1998; Gannon et al., 2019; Ngwira &
Pulkkinen, 2019). GICs are one of several phenomena included in the field of space weather that are triggered by
increased solar activity that lead to dangerous levels of magnetospheric and ionospheric disturbances. Extreme
GIC events that extend to middle and even low latitudes have been identified for over a century, beginning with
the “Carrington event” in 1859 (Carrington, 1859; Cliver & Dietrich, 2013; Tsurutani et al., 2003) and include
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those related to large geomagnetic storms in May 1921 and March 1989 (Boteler, 2019; Hapgood, 2019; Love
etal.,2019). Early reviews focused on the generation of GICs during geomagnetic storms (e.g., Kappenman, 2005),
but more recent studies have found that large nighttime GMDs are often more closely related to substorms, which
can occur during both storm and non-storm times.

Great (low-latitude) aurorae and related extreme GIC events are associated chiefly with coronal mass ejection
(CME)-driven storms and rarely with corotating interaction region (CIR)-driven storms because the aurorae do
not progress as far equatorward for CIR-driven storms (Borovsky & Denton, 2006). Borovsky and Denton (2006)
also noted that both CIRs and the high-speed solar wind streams (HSS) that typically follow them can be drivers
of storms, and that when recurring CIR-driven storms were ongoing (which tends to be in the declining phase of
the solar cycle), the durations of high-speed streams were longer. Mursula et al. (2022) showed the importance of
variations in the width of the heliospheric current sheet (HCS) for the relative occurrence of geomagnetic storms
related to CMEs, HSS/CIRs, and slow solar wind, respectively, such that a wide HCS made large and moderate
HSS/CIR storms occur in the early declining phase in recent cycles 23 and 24 (1996-2019), while in the more
active cycles 20-22 (1964-1996) they occurred in the late declining phase (their Figure 5).

Tsurutani et al. (2006) reviewed the causes, characteristics, and consequences of CIRs and high-speed streams, in
particular their association with auroral substorms. Tsurutani and Gonzalez (1987) denoted the high-speed stream
following the passage of a CIR past Earth as a High Intensity Long Duration Continuous AE Activity (HILD-
CAA) interval. HILDCAAs were originally identified during solar maximum years as intervals during which
the AE index remained above 200 nT for 48 hr and that AE < 200-nT intervals were less than 2 hr in duration.
However, Tsurutani et al. (1995) noted that similar extended intervals observed during the declining phase of the
sunspot cycle were characterized by continuous auroral substorms stimulated by large-amplitude Alfvén waves
within the high-speed streams. Tsurutani et al. (2011) concluded that the major cause of geomagnetic activity
during high-speed streams is large amplitude interplanetary Alfvén waves.

There have been significant efforts worldwide to understand and forecast GICs, by developing empirical and
numerical models that can predict their timing and locations (Morley, 2020). Considerable success has been
achieved for predicting large-scale magnetospheric features but predicting dB/dt events with amplitude larger than
1.5 nT/s remains a challenge (Pulkkinen et al., 2013, 2017). Morley (2020) noted that while coupled frameworks
and global MHD models have been shown to perform well (on average) at predicting the Dst index (Liemohn
et al., 2018) and have had some success at predicting geomagnetic perturbations (Pulkkinen et al., 2013), statis-
tical studies of simulations have shown a significant tendency to underestimate the magnitude of auroral zone
magnetic perturbations (Haiducek et al., 2017; Pulkkinen et al., 2013).

More recently, Al Shidi et al. (2022) noted the Space Weather Modeling Framework (SWMF)Geospace model used
by the NOAA Space Weather Prediction Center (SWPC) to produce ground magnetic perturbation maps has been
comprehensively validated with respect to predictions of Dst and the polar cap potential (Pulkkinen et al., 2022).
The Al Shidi et al. (2022) results showed that regional predictions at mid-latitudes were quite accurate, but that
high-latitude regional disturbances were difficult to predict. Pilipenko et al. (2023) also tested this model, found that
the predicted magnetic field variability dB/dt in East Scandinavia was more than an order of magnitude less than
that observed, and suggested that there might be some magnetotail physics that is not captured in current global
models.

Al Shidi et al. (2022) noted that the difficulty in predicting high-latitude regional disturbances reflects the
tendency of this model to miss strong auroral zone latitude activity associated with substorms or other local-
ized magnetotail processes that drive currents that couple to the ionosphere. Juusola et al. (2023) noted that
Pulkkinen et al. (2003) and more recently Dimmock et al. (2019) have suggested that GICs are primarily driven
by small-scale spatiotemporal structures superimposed on the large-scale westward electrojet (WEJ). Weygand
et al. (2021) confirmed this using a large statistical study finding that most nighttime GMDs occurred under a
westward electrojet, including many within the Harang current system, the three-region pattern of field-aligned
current flow in the Harang discontinuity region that according to the early study of lijima and Potemra (1978)
is highly variable and develops complicated features throughout intervals of substorm activity. Several studies
have shown that nighttime GMDs were highly localized, with half-amplitude radii of a few hundred km (Ngwira
et al., 2018; Engebretson et al., 2019a, 2019b; Dimmock et al., 2020; Weygand et al., 2021).

Kwagala et al. (2020) found that the version of the SWMF model they used predicted the occurrence of low
derivative threshold (0.3 nT/s) intervals in a set of stations in northern Europe at a rate very close to the frequency
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Table 1
Locations of the Magnetometer Stations Used in This Study
Array Station Code Geog.Lat  GeoglLon CGM.Lat. CGM.Lon. UT of mag midnight
MACCS Repulse Bay RBY 66.5° 273.8° 75.2° —12.8° 05:47
Cape Dorset CDR 64.2° 283.4° 72.7° 3.0° 04:58
Pangnirtung PGG 66.1° 294.2° 73.3° 19.8° 03:53
AUTUMNX Salluit SALU 62.2° 284.3° 70.7° 4.1° 04:54
Kuujjuarapik ~ KJPK 55.3° 282.2° 64.7° 0.2° 05.06
Interstation Distances: RBY-CDR 512 km
CDR-PGG 546 km
CDR-SALU 226 km
SALU-KJPK 776 km

60

\‘ g

Figure 1. Map of ground magnetometer stations used for this study. Selected

Note. Geographic and corrected geomagnetic (CGM) latitude and longitude are shown, as well as the universal time (UT)
of local magnetic midnight. Distances between nearest-neighbor pairs of stations are also presented. CGM coordinates were
calculated for epoch 2015, using http://sdnet.thayer.dartmouth.edu/aacgm/aacgm_calc.php#AACGM.

of occurrence in reality, but that as the threshold was increased to 1.1 and 1.5 nT/s the model diverged from the
real-world rate, under-estimating at lower latitudes and sometimes overestimating at higher magnetic latitudes.
The model mostly underestimated the large amplitude short-lived perturbations likely associated with localized
current structures. We note that it is precisely these large amplitude, localized events that comprise a large portion
of >6 nT/s nighttime GMDs.

Our earlier studies of >6 nT/s nighttime GMDs using data from Arctic Canada (Engebretson et al., 2019a, 2019b
,2021a, 2019b) covered only two years (2015 and 2017) and focused on latitude- and local time-dependent occur-
rence patterns and short-term dependencies on solar wind/IMF parameters and magnetospheric activity indices.
This study documents the occurrence of these largest GMDs at auroral latitudes over a nearly complete solar
cycle and shows their frequent association with high speed solar wind streams and conditions following substorm
onsets. Section 2 describes the data set and analysis methods used to identify events. Section 3 compares the solar
cycle distributions of >6 nT/s GMD events, sunspots, solar wind velocity, and substorm onsets. Section 4 presents
an analysis of extreme (>20 nT/s) GMDs and their relation to other physi-
cal quantities and indices. Section 5 presents similarities observed in three
earlier studies of multiyear GMD data sets. Section 6 discusses some of the
implications of these observations, and Section 7 summarizes the findings.

2. Magnetometer Data Set

Vector magnetometer data used in this multi-year study were recorded at five
stations in the MACCS (Engebretson et al., 1995, 2011) and AUTUMNX
(Connors et al., 2016; Reiter et al., 2021) arrays in Eastern Arctic Canada
with corrected geomagnetic latitude (MLAT) ranging from 64.7° to 75.2°, all
within 20° of the 0° magnetic meridian, as detailed in Table 1 and Figure 1.
The Magnetometer Array for Cusp and Cleft Studies (MACCS) began
operation in 1992, and the Athabasca University Themis UCLA Magneto-
meter Network-Extended (AUTUMNX) began operation in late 2014. Data
from both arrays were sampled at a 2 Hz cadence and are presented in local

magnetic coordinates with sensor axes oriented as follows: X: magnetic
north, Y: magnetic east, and Z: vertically down. Events during 2015 and 2017
from these and other neighboring stations in Arctic Canada have been used
in several recent studies by Engebretson et al. (2019a, 2019b, 2021a, 2021b)
and Weygand et al. (2021).

All available daily data files obtained from January 2011 through Decem-

latitude and longitude lines in geomagnetic coordinates are shown. ber 2022 (covering approximately one solar sunspot cycle) from each of the

ENGEBRETSON ET AL.

3 0f 20

a ‘1 ¥T0T ‘TOF6691T

:sdpy woiy papeoy

ssdyy) suonipuo) pue suud I, a3 39S *[$70z/10/0€] U0 Areiqry autjuQ Adfip © 98910 FnqsBny - u0s1qa3u NN £q €49 TE0VIETOT/6T01 01/10P/WOd KA1 A:

p-SUuLI)Wwoo oI

P

5001 SuOIIO) aATEa1) d[qEaridde oty Aq PIAA0S SIE SA[oNIE YO $9SN JO S[NI 10j ATeIqIT AUIUQ ASIAL UO (


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

A7oN |

I Journal of Geophysical Research: Space Physics 10.1029/2023JA031643
ADVANCING EARTH
AND SPACE SCIENCES
Table 2
Number of Available Station Days, 26 and >20 nT/s GMD Events, and Percent of GMDs per Station Day Observed From 2011 Through 2022
Year 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Station days 452 587 767 1213 1682 1346 1542 1677 1520 1377 1328 1672
>6 nT/s GMDs 69 82 88 131 611 550 745 460 398 289 330 528
% >6 nT/s 15.3 14.0 11.5 10.8 36.3 40.9 48.3 27.4 26.2 21.0 24.9 31.6
>20 n/s GMDs 0 2 3 0 14 11 18 6 5 1 3 9
% >20 nT/s 0 0.34 0.39 0 0.83 0.82 1.17 0.36 0.33 0.07 0.23 0.54

three MACCS stations (RBY, PGG, and CDR) and two AUTUMNX stations (SALU, KJPK) were analyzed to
identify GMDs with >6 nT/s amplitude. GMD amplitude thresholds of 1 nT/s have been used in many studies
(e.g., Viljanen et al., 2001) and more recently by Juusola et al. (2023). A higher threshold level for GIC hazards
of 5 nT/s was identified by Molinski et al. (2000), Boteler (2001), and Woodroffe et al. (2016), so the >6 nT/s
events identified in this study would pose significant threats to electrical infrastructure if any were present near
these sites. The GMDs in the >20 nT/s subset are comparable in amplitude to those measured during extreme GIC
events at lower latitudes. Nine of them exceeded 30 nT/s, and the two largest, on 15 March 2012 and 15 Septem-
ber 2017, had values of 44.1 and 43.3 nT/s, comparable to the largest value cited by Mac Manus et al. (2022) of
~2700 nT/min = ~45 nT/s recorded at the Lovo observatory (55.8° CGM latitude) near Stockholm, Sweden in
July 1982 (Kappenman, 2006). We remind readers, however, that large GMDs only constitute the first (but essen-
tial) step in producing GICs that pose a threat to electrical infrastructure. The spatial arrangement and value of
the underlying ground conductivity, the presence of extended conducting structures (power lines and pipelines)
and their orientation relative to the driving auroral currents, and the orientation and ground connections of power
grid structures such as transformers all play a role in determining the severity of the resulting GICs (Arajarvi
et al., 2011; Boteler & Pirjola, 2017; Viljanen et al., 2013).

Event identification made use of a semi-automated process described in detail in Engebretson et al. (2019a). This
procedure began by displaying a daily magnetogram (a 24-hr 3-axis plot of the magnetic field at a given station)
on a computer screen. Once a rapid (<20 min duration) and large amplitude (>~200 nT) magnetic perturbation
along any axis was visually identified, the IDL cursor function was used to select times ~15-60 min before and
after the perturbation to zoom in on the relatively short duration of the event and separate it from the times of
other possible activity. After application of a 10-point boxcar mean smoothing to reduce noise and eliminate
isolated non-physical spikes, the data were numerically differentiated using the 3-point Lagrangian approxima-
tion. The times and values of extrema of B and dB/dt for all three components in this interval were recorded for
completeness, as also did Milan et al. (2023), and plots of the time series of data and derivatives were produced
and saved. If more than one interval with a >6 nT/s derivative in one or more components was identified on a
given day, this process was repeated as necessary. The minimum length of each interval was chosen to be ~5 min,
so multiple peak derivatives >6 nT/s occurring within a given ~5 min interval were not counted separately. A
subset of 72 events with a >20 nT/s derivative in one or more components was identified from this data set.

3. Yearly Distribution of >6 nT/s GMDs, Sunspots, Solar Wind Velocity, and
Substorm Onsets

Table 2 summarizes the data set used in this study. Although the magnetometer and recording instrumentation at
all MACCS stations were set up to record continuously from 2011 through 2022, and at all AUTUMNX stations
from late 2013 through 2022, power outages, cut cables, and instrument malfunctions at these remote sites often
resulted in no data or erroneous data at individual stations. We thus show in this table the number of available
valid station days per year and the total number of >6 and >20 nT/s GMD events and the percent ratio of these
events per available station day.

Figure 2a shows the occurrence percentages of >6 nT/s GMDs from each of the five stations from 2011 through
2022. Note that the traces for AUTUMNX stations SALU and KJPK began in 2014, and there were no data from
SALU during 2020 or from RBY during 2011. The overall trend at each station is similar, and from 2016 through
2022 there is a clear pattern in magnetic latitude. Percentages are smallest at the highest MLAT station, RBY, and
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Figure 2. (a) Yearly occurrence percentages (events/station day) of >6 nT/s GMDs observed at five sites in Eastern Arctic
Canada from 2011 through 2022. (b) Monthly sunspot numbers from January 2011 through December 2022. (c) Yearly
medians and 25th and 75th percentile values (lower and upper bars) of the solar wind velocity and (d) Yearly number of
substorm onsets from 2011 through 2021 identified in the three substorm lists provided by SuperMAG: green (Forsyth

et al., 2015), blue (Newell & Gjerloev, 2011), and red (Ohtani and Gjerloev, (2020).

at the lowest MLAT station, KJPK, and are larger and generally similar at the three stations at latitudes between
these extremes. We note that the occurrence rates shown in Table 2 (percent of GMDs per station day during
each year) are averages over all five stations, so they fall between the extremes shown in Figure 2a for individual
stations.

Figure 2b shows the monthly sunspot numbers, obtained from the Solar Influences Data Center (https://sidc.be/
silso/datafiles/), from January 2011 through December 2022. The rising phase and maximum of sunspot cycle
24 (2011-2014) coincided with low occurrence percentages of GMDs, whereas the declining phase (2015-2017)
coincided with high GMD occurrence percentages. The late declining phase and sunspot minimum (2018-2020)
coincided again with decreasing GMD occurrence percentages. The early rising phase of Cycle 25 coincided with
rising GMD occurrence percentages; GMD occurrence percentages in 2022 were considerably larger than those
11 years earlier (2011) at the same stations, PGG and CDR.

Figure 2c shows yearly medians and 25th and 75th percentile values of the solar wind velocity (Vsw), based on
1-hr averages obtained from the OMNI database via CDAWEB (https://cdaweb.gsfc.nasa.gov/) for these same
years. The largest annual median and especially 75th percentile velocities coincided in time with the largest GMD
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occurrence percentages (2015-2017) and the smallest annual velocities (2013-2014 and 2020) coincided approx-
imately with the smallest GMD occurrence percentages (2012-2014 and 2020). The fractional range in GMD
occurrences (a factor of ~3) was much larger than the fractional range of Vsw values. We note especially that the
75th percentile values were further from the median than the 25th percentile values during 2015-2017 and 2019,
indicating a more extended high-velocity tail of the Vsw distributions during those years.

Figure 2d shows the yearly number of substorm onsets from 2011 through 2021 identified in three substorm
lists provided at the SuperMAG web site (https://supermag.jhuapl.edu/substorms/): Newell and Gjerloev (2011),
Forsyth et al. (2015), and Ohtani and Gjerloev (2020), each of which used a different set of criteria to identify
onsets based on values of the SuperMAG SML index (https://supermag.jhuapl.edu/indices). (Note that as of 11
October 2023 no substorm lists were available for year 2022.) Forsyth et al. identified onsets on the basis of
exceedance of a percentile in the rate of change of SML. The Newell and Gjerloev and Ohtani and Gjerloev (2020)
criteria required sharp and sustained drops in SML which differed primarily in that the Ohtani and Gjerloeyv crite-
ria identified only isolated substorms. In several of our recent papers we have found that a significant fraction
of events within 1-2 hr of >6 nT/s GMDs were listed mutually exclusively in the Forsyth et al. and Newell and
Gjerloev lists, and many of these did not appear in the Ohtani and Gjerloev list.

The three traces in Figure 2d are similar to each other and to the traces in Figures 2a and 2c in showing a solar
cycle dependence with a peak during the declining phase, but the three traces in Figure 2d show significant
differences in both the numbers of onsets and the degree of their enhancement during 2015-2017. The ratios of
maximum to minimum values in these panels are ~5 for GMD occurrences in Figure 2a, 1.2 for mean Vsw in
Figure 2c¢, and 1.1, 2.2, and 1.4 for the green, blue, and red substorm number traces in Figure 2d.

The exclusion of closely-spaced substorm onsets in the red trace in Figure 2d, based on the Ohtani and
Gjerloev (2020) criteria, may explain the smaller maximum in yearly onsets during 2015-2017 compared to
the blue trace, because during the declining phase of the solar cycle a greater number of HILDCAA intervals
are expected to occur (Tsurutani et al., 1995), making identification of onsets during such “High Intensity Long
Duration Continuous AE Activity” intervals more difficult. We can only speculate that the lower ratios in the
green and red traces in Figure 2d may suggest a tendency in both the Forsyth et al. (2015) and Ohtani and
Gjerloev (2020) algorithms to select against closely spaced onsets, although this would not explain the factor of
~3 difference in yearly numbers of onsets between the two studies.

Consistent with these patterns, the multiyear statistical study by Borovsky and Yakymenko (2017) found that
substorm occurrence rates were substantially higher during the declining phase of the solar cycle than they are
during the other three phases of the solar cycle, and in particular that the substorm occurrence rate was greatly
increased when high-speed solar wind impacted Earth (their Table 3). They also concluded that the average level
of driving of the magnetosphere was highest under these conditions.

The close connection shown here between the occurrence of large GMDs and increased Vsw is also evident in
Figures S3 and S4 of the supporting information for the superposed epoch study of Engebretson et al. (2021b).
Figure S3 in that study showed that the medians of Vsw were relatively constant from 4 hr before to 4 hr after
GMD occurrences, for both premidnight and postmidnight events and for three ranges of time delays between
substorm onset and GMD occurrence, but with somewhat more variability as the number of events per station
decreased from 151 down to 6. Figure S4 showed two example plots of the 8-hr Vsw traces during all the prem-
idnight events at two representative stations, CDR and KJPK, that occurred between 0 and 30 min after the most
recent substorm onset. In both plots, the number of events with Vsw values above 550 km/s exceeded those below
500 km/s. Most of the individual traces shown were rather flat over the 8-hr interval and revealed no consistent
temporal pattern.

Engebretson et al. (2021b) also investigated the dependence of GMD occurrences on the solar wind dynamic
pressure (Psw). The median Psw traces from 4 hr before to 4 hr after GMD occurrences were nearly flat between
2 and 3 nPa (slightly larger than the 2-year median Psw value of 1.95 nPa) for all categories except for those with
7 or fewer events (as shown in Figure 4 of that paper). Less than ~15% of the events were associated with Psw
values exceeding 5 nPa.
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Figure 3. (a) Yearly occurrence percentages (events/station day) of >6 nT/s GMDs observed at each of five sites in Eastern
Arctic Canada from 2011 through 2022. (b) Yearly summed occurrence percentages at all 5 sites (events/station day) of
>6 nT/s GMDs (black trace and left vertical axis) and >20 nT/s GMDs (orange trace and right vertical axis).

4. Analysis of >20 nT/s GMDs

Figure 3 shows a comparison of the occurrence percentages of >6 nT/s GMDs at each of the five stations (panel
a, repeated from Figure 2) to the occurrence percentage for each year of the sum of events at all five stations
divided by the sum of the available station days for both >6 nT/s GMDs and >20 nT/s GMDs (panel b). Both
traces followed roughly the Vsw and substorm trends shown in Figure 2, but the relative increase in the >20 nT/s
GMD trace during 2015-2017 was much larger.

Figure 4a shows a histogram of the hourly averaged solar wind velocity (Vsw) observed during each of the
>20 nT/s GMD events, and Table 3 shows the distribution of these events as a function of both year and Vsw.
Figure 4b shows the distribution of all Vsw values at 1 min resolution over these same years. None of the
>20 nT/s GMDs occurred when Vsw <350 km/s. Most occurred in association with the high-velocity tail of this
distribution, which is well fit by a decreasing exponential. Table 3 indicates that the >20 nT/s GMDs with Vsw
values above 600 km/s occurred mostly between 2015 and 2017.

Of the five >20 nT/s events with Vsw <400, two occurred during the first day of recovery after an intense CME
storm, one occurred during the main phase of a modest CME storm, and one during a strong sudden impulse
event before a CME storm. The fifth event, at 03:49 UT 7 December 2018, also appeared with >6 nT/s amplitude
at three of the other four stations. It occurred during quiet conditions according to the OMNI time-shifted data
base, but data from Themis D, inbound near 10 MLT from the solar wind toward the magnetopause, observed a
sharp outward motion of the bow shock simultaneous with a ~20 nT negative jump in the IMF at 0358 UT (not
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Figure 4. (a) Histogram of the distribution of hourly averaged solar wind velocities (Vsw) during >20 nT/s GMD events. (b)
Histogram of the distribution of hourly averaged solar wind velocities (Vsw) from 2011 through 2022.
shown) that may have stimulated this GMD event. The Yermolaev storm list (described below) identified this
event as an interplanetary shock.
Many studies of intense or extreme dayside GMDs have noted a correla-
tion between their occurrence and rapid increases in solar wind pressure
Table 3 (Psw), such as are often characteristic of sudden impulses (Sis) or sudden

Distribution of 71 > 20 nT/s GMD Events as a Function of Year and Solar
Wind Velocity (Vsw) Observed From 2011 Through 2022

Vsw range
Year 300-399 400-499 500-599 600-699 700-799 Total
2011 0
2012 1 2
2013 1 2 3
2014 0
2015 1 1 12 14
2016 2 2 6 11
2017 3 11 172
2018 1 2 2 1 6
2019 1 3 5
2020 1 1
2021 1 1 3
2022 5 3 9

“No Vsw Data Were Available for 1 day in 2017 in the OMNI Database.

commencements (SCs) (e.g., Carter et al., 2015; Le et al., 1993; Oliveira
et al., 2018). Table 4 shows the distribution of >20 nT/s GMDs as a function
of year, Vsw below and above 500 km/s, and the presence or absence of
rapid Psw increases of 1.5 nT or more from 2011 through 2022. Of these
extreme GMDs, rapidly rising Psw values were associated with 6 of the 16
events (38%) that occurred when Vsw < 500 km/s, but with only 13 of the
55 events (24%) when Vsw > 500 km/s. Therefore, the majority of events for
both ranges of Vsw occurred during relatively steady Psw conditions, and
this pattern was even more pronounced for events when Vsw > 500 km/s.

The >20 nT/s GMD events were also sorted as functions of geomagnetic
storm amplitude and phase based on the Dst index. In Table 5 GMDs are
sorted into four magnetic storm categories, SI/SC events, and quiet intervals,
and GMDs during storms are divided into three phases: main, recovery day
1, and recovery days 2-5. The extreme GMDs occurred most often during
the main, early, and late recovery phases of moderate geomagnetic storms,
weak geomagnetic storms, and quiet intervals, in that order. These patterns
suggest that occurrence of these extreme GMDs was not strongly linked to
either the existence, intensity, or phase of geomagnetic storms.
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Table 4
Distribution of 71 > 20 nT/s GMD Events as a Function of Year, Solar Wind Velocity (Vsw) Below and Above 500 km/S,
and the Presence or Absence of Rapid Solar Wind Pressure (Psw) Increases of 1.5 nT or More, From 2011 Through 2022

Year 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 Total

Vsw <500 km/s

P rising 0 1 0 0 0 1 0 1 1 0 1 1 6

P steady 0 0 0 0 1 3 0 2 0 0 0 4 10
Vsw >500 km/s

P rising 0 0 1 0 6 1 3 0 1 0 1 0 13

P steady 0 1 2 0 7 6 14 3 3 1 1 4 42

Total 0 2 3 0 14 11 172 6 5 1 3 9 71

“No Vsw Data Were Available for 1 day in 2017 in the OMNI Database.

Table 6 shows the >20 nT/s GMD distribution based on the Yermolaev et al. (2009) list of types of solar wind
as applied to the 5-min resolution OMNI data base, http://www.iki.rssi.ru/pub/omni/catalog/. All available time
intervals were identified as either FAST (V > 450 km/s) or SLOW (V < 450 km/s) solar wind, and further iden-
tified, when appropriate, as forward interplanetary shocks (IS), corotating interaction regions (CIRs), and three
subcategories of CMEs: ejecta, magnetic clouds, and sheath compression regions before fast ejecta or magnetic
clouds. Other types listed but not represented in this data set were heliospheric current sheets, reverse interplane-
tary shocks, and intervals of rarefied plasma. In Table 6 we have grouped the events into seven categories: inter-
planetary shocks, CMEs and CIRs with slow or fast solar wind, and fast or slow solar wind not associated with
either a CME or CIR. No events occurred during slow solar wind conditions not associated with either a CME
or CIR. This table shows that 38 of the 72 GMDs occurred during fast solar wind conditions not during passages
of CMEs or CIRs, and another 25 occurred during fast solar wind conditions during CMEs or CIRs. Only seven
events occurred during intervals when Vsw < 450 km/s.

The frequent association of these GMDs with geomagnetic storms might suggest that they most often occurred
during disturbed magnetospheric conditions, but analysis of their distribution as a function of SYM/H (Table 7)
indicates otherwise. Only 16 of the 72 > 20 nT/s GMDs events occurred when SYM/H was <—51 nT. Most
of these GMDs instead occurred when SYM/H was —50 nT or higher during conditions associated with weak
magnetic storms or quiet conditions. The concentration of events when SYM/H was above —40 nT was strong-
est during 2016 and 2017, when eight out of 11 and 14 out of 18 > 20 nT/s GMDs, respectively, occurred. The
patterns for 2015 and 2017 can be compared with Figure 5 of Engebretson et al. (2021a), which showed that
>6 nT/s GMDs were also most likely to occur for SYM/H values between —40 and 0 nT. We remind readers,
however, that during more intense storms the auroral oval moves much farther equatorward, out of the primary
range of auroral zone magnetometers.

Table 8, presented in the same format as Table 7, shows the distribution of 1-min SME index values (the Super-
MAG equivalent of AE, the auroral electrojet index) during the >20 nT/s GMDs. The yearly distributions and
their sums show a peak between 800 and 1,200 nT and a broad maximum between 600 and 1,400 nT. In contrast

Table 5
Distribution of >20 nT/s GMD Events as a Function of Geomagnetic Storm Phase

Storm category  Range of Dst minimum Main phase Recovery day 1 ~ Recovery days 2-5 Number of events

SI/SC 4
Major <-200 nT 0 0 3 3
Intense —200 < -100 nT 1 2 5
Moderate -99 < -50nT 11 11 8 30
Weak —49 < -30nT 6 11 3 20
Quiet >-—29 nT 10

Note. Definitions for the four storm categories are taken from Mursula et al. (2022).
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Table 6
Distribution of GMD Events With Amplitude >20 nT/s Observed From 2011 Through 2022, Sorted Into Categories in the
Yermolaev et al. (2009) List

Year 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 Total
IS 1 1 2
CME-S 1 3 1 5
CME-F 1 2 5 4 1 1 2 16
CIR-S 1 1 2
CIR-F 1 1 3 1 3 9
FAST 8 6 11 3 3 1 2 4 38
SLOW 0

Note. Events in the categories “Ejecta,” “Magnetic Cloud,” and “Sheath” are all included here under the CME heading. Both
CIR and CME events are broken down further using the “Fast” and “Slow” categories (>450 or <450 km/s, respectively)
into CME-F, CME-S, CIR-F and CIR-S in this table. Events are listed as “FAST” or “SLOW” only if they do not also fall
into the above IS, CME, or CIR categories.

to the quiet to moderately disturbed values of the SYM/H index during these events, the SME index was never
below 400 nT during these GMDs. Instead, the SME distributions indicate strong and highly variable electrojet
activity and, although the small number of events in each year makes comparisons difficult, there appears to be
little difference in the shape of the distributions from year to year.

Figure 5 shows the temporal relation of >20 nT/s GMD events to substorm onsets. The number of events
decreased gradually with increasing time delays, but with no maximum at the time of onset or during the first
10 min. Similarly, Engebretson et al. (2021a) showed scatter plots of the amplitude of all >6 nT/s GMD events
at five Canadian Arctic stations (the same stations except that Iqaluit was included rather than Pangnirtung) as
functions of their delay after the most recent substorm onset, from 0 to 120 min and demonstrated that the number
of events decreased gradually with increasing time delays at each station, with no maximum at the time of onset
or during the first 10 min, consistent with the trends shown in Figure 5.

A majority of the most extreme (>20 nT/s) GMD events were also associated with higher-frequency, transient-large
amplitude dB/dt intervals (TLAs) occurring prior to or within GMDs (McCuen et al., 2021). It has been recently

Table 7
Distribution of >20 nT/s GMD Events as a Function of Year and SYM/H Value Observed From 2011 Through 2022

SYM/H range

Year -100-91 -90-81 -80-71 -70-61 —-60-51 -50-41 -40-31 -30-21 -20-11 -10-1 09 Total

2011 0
2012 1 1 2
2013 1 1 1 3
2014 0
2015 2 3 3 3 3 14
2016 1 1 1 3 3 11
2017 1 1 1 1 4 4 6 18
2018 2 3 1 6
2019 1 3 1 5
2020 1 1
2021 1 2 3
2022 2 1 3 2 1 9
Total 1 2 8 5 7 21 12 13 2 1 72
ENGEBRETSON ET AL. 10 of 20
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Table 8
Distribution of >20 nT/s GMD Events as a Function of Year and SME Value Observed From 2011 Through 2022
SME range
Year 0 200 400 600 800 1000 1200 1400 1600 1800 2000  Total
2011 0
2012 1 1 2
2013 2 1 3
2014 0
2015 2 8 1 1 1 1 14
2016 4 2 3 2 2 11
2017 1 2 4 5 4 18
2018 2 1 1 2 1 6
2019 1 2 1 5
2020 1 1
2021 1 2 3
2022 1 1 2 2 1 1 1 9
Total 0 0 5 12 22 18 9 4 2 1 72
shown in McCuen et al. (2023) that these TLA signatures were exclusive to the auroral zone in the high magnetic
latitude region. TLA events showed a very similar relation to substorm onsets as GMDs, that is, decreasing
number of events with longer delay from substorm onset, but with no maximum at the time of onset.
The lack of a close temporal association between nighttime GMDs and substorm onsets has been evident in
some earlier detailed studies as well. Ngwira et al. (2018) showed observations of a geomagnetic storm on 17
March 2015 during which large dB/dt events appeared from 7 to 12 min after a substorm onset, and Engebretson
et al. (2019b) showed that on 11 November 2015 there was a ~10 min delay between substorm onset and the
appearance of GMDs. This delay was also noted by Juusola et al. (2023) in a study of five GMD events that were
responsible for the most intense derivative magnitudes in external sources (due to ionospheric and magneto-
spheric electric currents) observed by the IMAGE array in Scandinavia between 1994 and 2018. They found that
there were no substorm onsets or sudden intensifications of the WEJ among them. They concluded that although
the intensifying WEJ after substorm onset may be a typical source of moderate derivative values (as shown in
Figure 3 of Viljanen et al., 2006 for >1 nT/s events), the rarer events with much larger derivatives tended to occur
during later times.
Figure 6 shows the distribution of >20 nT/s GMD events in magnetic local time. The occurrences are dominated
by a “premidnight” population from 17 MLT to near local midnight and a smaller “postmidnight” population
from near local midnight to 06 MLT. The distribution is very similar to that
s | Substorm Onset tc: GNIlD Tlime Dellays . of the much larger set of >6 nT/s GMD events in this region shown in Figure

r 4 of Engebretson et al. (2021a). It is notable that no >20 nT/s GMD events
occurred between 06 and 17 MLT. These distributions are consistent with
the observations of Schillings et al. (2022), who identified two “hot spots”
of >+500 nT/min dB/dt spikes in the premidnight and morning magnetic
local time sectors, using 1-minute cadence data from all available stations
worldwide in the SuperMAG database during all magnetic storms from 1980
through 2020, independently of the geographic latitude and longitude of a
given station.

Figure 7 shows the monthly variation of large GMD occurrences. Panel a

0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Time Delay (min)

Figure 5. Histogram of the number of >20 nT/s GMD events as a function of
their time delay since the most recent substorm onset listed in the SuperMAG
Newell and Gjerloev (2011) catalog.

shows the average number of events per month from 2011 through 2021 (no
year 2022 substorm list was available on SuperMAG as of 11 October 2023).
Panel b shows the monthly average number of >6 nT/s GMDs after taking into
account the less than complete magnetometer data coverage during several
years at individual stations, and panel ¢ shows the distribution of >20 nT/s
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Figure 6. Histogram of the number of >20 nT/s GMD events as a function of

magnetic local time (MLT).

GMDs from 2011 through 2022. The levels for SALU and KJPK are elevated
compared to those at the other stations because no data were available from
these two stations from 2011 through 2013, years with low numbers of GMDs
at the other stations, as shown in Figure 2a. The well-known semiannual
variation in substorms (Russell & McPherron, 1973) appears to hold approxi-
mately for GMDs as well (panels b and c), consistent with the frequent occur-
rence of GMDs after substorms.

The association between GMDs and substorm occurrences was not consistent
over the solar cycle. Figure 8 shows that the annual ratio of >6 nT/s GMDs to
substorms was smallest during the first years of sunspot Cycle 24 (between
2011 and 2014) but was larger in later years. This trend may reflect the fact
that more intense substorms are associated with higher speed solar wind
streams. Longer-term data from other stations or arrays may be useful for
checking whether this pattern holds for previous sunspot cycles.

Table 1 shows that the separation between nearest stations in this study
ranged in the north-south direction from 227 km (CDR-SALU) to 776 km

Monthly Average of Substorms

c

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

30

20 —

10 —

Events per Month

Monthly Average of > 6 nT/s GMD Events

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Monthly Number of > 20 nT/s GMD Events

16

12

Events
(0]
T | T | T | T I T | T I T | T

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 7. Monthly distributions of substorms and GMDs. Panel a shows the average number of events per month from
2011 through 2021 (no year 2022 substorm list was available on SuperMAG as of 10/11/2023). Panel b shows the weighted
monthly average number of >6 nT/s GMDs from 2011 through 2021, and panel ¢ shows the distribution of >20 nT/s GMDs

from 2011 through 2022.
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Percent Ratio of > 6 nT/s GMDs to Substorms (SALU-KJPK) but were nearly equal in the east-west direction: 513 km
) 12 F N (RBY-CDR) and 546 km (CDR-PGG). Of the 72 > 20 nT/s events, 43 (60%)
ag 6F /\/\/\_ were accompanied within 10 min (and often less) by events with amplitude
§ 4r b >6 nT/s at one or more of the other stations in this data set. Our five-station
& ?) e data set includes the amplitude and time of extrema (+ and —) in all three
20112012 2013 2014 2015 \2(‘;: 2017 2018 2019 2020 2021 components of the derivative at each station. We identified a probable spatial
GMD progression if there was a consistent time difference in at least five of
Figure 8. Plot of the percentage ratio of yearly >6 nT/s GMDs to the these six component extrema. Using this criterion, we identified 25 GMDs
yearly number of substorms after taking into account the less than complete as progressing primarﬂy northward (poleward) and one prlma_['ﬂy westward.

magnetometer coverage during several years at individual stations.

The remaining 17 events were stationary or unclear. In many of these latter
cases large GMDs appeared only at the nearest pair of stations, CDR and
SALU. The Vsw distributions of the northward, stationary, and unclear
events were similar, indicating that Vsw had little or no influence regarding this spatial progression. Three similar
multi-station events observed during 2015 were presented by Engebretson et al. (2019b) using stacked magne-
tograms, spherical elementary current systems (SECS) maps (Weygand et al., 2011) and images from a set of
all-sky imagers. Two of the three showed a poleward progression. Ngwira et al. (2018) presented observations
of GMDs by multiple magnetometers during two geomagnetic storms that also showed a clear poleward progres-
sion, and McCuen et al. (2023) presented a more complex event in 2016 during which separate regions of GMDs,
currents, and auroras over the west and east coasts of Hudson Bay both showed a poleward progression. We
discuss possible mechanisms causing these poleward progressions below.

5. Comparison to Three Other Studies of Multiyear GMD Data Sets

We are aware of three other studies of GMDs that span one or more recent solar cycles. Milan et al. (2023)
presented a comprehensive survey of >300 nT perturbations in any component of the magnetic fields in 1 min
cadence data from all available magnetometer stations above 50° magnetic latitude in the SuperMAG data base
from 1995 to 2020. Kellinsalmi et al. (2022) compiled the distribution of >1 nT/s GMDs observed at Sodankyl,
Finland from 1996 through 2018, and Marshall et al. (2011) presented GMD activity index data from 1985
through 2009 from several sites across Australia. The solar cycle occurrence patterns observed by these studies,
with maxima during the declining phase, were all similar to those presented here.

Milan et al. (2023) cataloged all instances of minute-to-minute changes in magnetic field components (“spikes’)
that exceeded 300 nT, which corresponds to a derivative threshold of 5 nT/s. Although several earlier studies
(e.g., Engebretson et al., 2019a, 2021b; Viljanen, 1997; Viljanen et al., 2006) reported a lack of good correlation
between AB and dB/dt amplitudes during large MPEs, these perturbations remain a useful proxy for GMDs,
especially when higher time resolution data are not available. Milan et al. (2023) identified two local time regions
of greatest activity: premidnight (17-02 MLT) and postmidnight (02-09 MLT), consistent with the observations
of Engebretson et al. (2021a) and Schillings et al. (2022). They noted maximum occurrence rates during the
declining phases of both Solar Cycles 23 and 24, and their Figure 3 showed similar occurrence trends in spikes
and high-speed streams. Based on a comparison of yearly spike occurrences in Figure 3a that showed similar
patterns using thresholds of 100, 200, 300, and 400 nT/min, Milan et al. (2023) suggested that their shapes did
not depend on the magnitude of the spikes. However, although the timing of these patterns did not change, the
ratio of maxima to minima using these different thresholds increased from the >100 nT/min trace to the >400 nT/
min trace. We observed a similar trend in data presented in Table 2 and Figure 3b above for >6 and >20 nT/s
events; the temporal patterns were again similar, but the amplitude of their variations increased with increasing
thresholds, even for extreme GMDs.

Kellinsalmi et al. (2022) included the annual totals of >1 nT/s GMDs recorded at Sodankyld, Finland (63.9°
MLAT) in their Figure 7. A comparison of panels a and b of Figure 9 here shows that the trend in the annual
total of these >1 nT/s GMDs was similar to that in sunspots between 1996 and 2001 (the rising part of sunspot
Cycle 23), and during the sunspot minimum years and early part of Cycle 24, between 2006 and 2012. However,
the sharp peak in GMDs during 2003 matched well with sharp peaks in Vsw (panel c) and substorms (panel d),
while there was no corresponding peak in sunspots (panel b). Subsidiary peaks in GMDs in 2005 and 2017 also
matched those in Vsw and substorms but not sunspots, and the relative minima in GMDs during 2001 and 2002
matched similar minima in Vsw and substorms rather than the simultaneous rise in sunspots. We note that the
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Figure 9. (a) Yearly numbers of >1 nT/s GMDs observed at Sodankyld, Finland from 1996 through 2018. (b) Monthly
sunspot numbers from January 1996 through December 2018. (c) Yearly medians and 25th and 75th percentile values (lower
and upper bars) of the solar wind velocity and (d) Yearly averages of the number of substorm onsets, respectively, from 1996
through 2018, again taken from the Newell and Gjerloev (2011) SuperMAG substorm list.

75th percentile values were further from the median than the 25th percentile values during 2003 and 2005-2008,
again indicating a more extended high-velocity tail of the Vsw distributions during those years, but that there
were fewer substorms and also fewer GMDs during 2006-2008. As noted above, the smaller GMD threshold of
>1 nT/s allows the inclusion of many substorm onsets in the GMD count, so the decrease in GMD activity during
these three years may primarily reflect the decrease in the number of substorms.

An earlier study by Marshall et al. (2011) also showed similarities to the patterns presented above at lower lati-
tudes, ranging from —22.7° to —50.7° magnetic latitude, from 1985 through 2009. Figure 10a, adapted from Figure
7 of Marshall et al. (2011), shows the values of their GICy index, a frequency domain filter applied to geomag-
netic field data recorded at seven stations across Australia to determine GIC risk level thresholds. The horizontal
yellow and orange lines are the lower limit thresholds for the “low” and “moderate” threat levels defined in that
study. The colored symbols in Figure 10a show GICy index values for every event exceeding the threshold for
“low” risk, and the pink trace shows the sunspot number during these same years. The highest latitude station,
Hobart, Tasmania (symbols in dark blue), only had data available for the second solar cycle. Figure 10b shows
the annual Vsw averages and percentiles, and Figure 10c shows the annual number of substorms, again from the
Newell and Gjerloev (2011)-based SuperMAG list.
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Figure 10. (a) Adapted version of Figure 7 of Marshall et al. (2011), showing GICy indices >50 from magnetometer
locations across Australia (colored dots, corresponding to the vertical scale on the left side) and the solar sunspot number
(pink trace, corresponding to the vertical scale on the right), from 1985 through 2009. The horizontal yellow and orange lines
are the lower limit thresholds for the “low” and “moderate” threat levels defined in that study. (b) Yearly medians and 25th
and 75th percentile values (lower and upper bars) of the solar wind velocity and (c) Yearly numbers of substorm onsets from
the Newell and Gjerloev (2011) list on SuperMAG, respectively, from 1985 through 2009.

During 1989 (the end of the rising phase of the solar cycle) and 1991 (the beginning of the declining phase)
GMDs with GICy values >50 occurred when all three of sunspot numbers, annual Vsw averages, and annual
substorm averages had relative maxima. The two index values near 100 in 1989 reached the moderate risk level
and occurred during the 13 March 1989 superstorm. We note that the 75th percentile value of Vsw during 1991
was comparable to those during the declining phase of Cycle 23, again indicating a longer high velocity tail.

Only one GICy ~50 event (just above the low-risk threshold) occurred during the rising phase of the next sunspot
cycle (from 1997 through 2000), but a large number of events occurred during the declining phase (from late
2000 through 2006). Most of these events were observed at Hobart, including 21 events over nine different days
in the moderate risk range.

We also note that although the peaks of Vsw and substorms were both largest in 1994 and 2003, no GMDs were
observed at Australian stations during 1994, and the number of GMD events between late 2000 and the end of
2006 was high, their annual variations did not follow closely the variations in Vsw or substorms. The lack of
correlation with substorm onsets may be due to the location of these stations far from the auroral zone, but the
lack of correlation with increased levels of Vsw does not necessarily follow from this observation. This data
set thus shows both the strong dependence of GMDs on the phase of the sunspot cycle (most clearly seen at the
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mid-latitude Hobart station) and the probable multiplicity of driving factors that may govern their occurrence in
regions equatorward of the auroral zone.

6. Discussion

We have noted above not only the strong connection between intense GMDs and high-speed solar wind streams,
as has been found in several other studies, but the frequent poleward progression of these GMDs. We here review
recent studies that may indicate the physical connection between these two phenomena.

Tsurutani and Gonzalez (1987) and Tsurutani et al. (2011) concluded that the major cause of geomagnetic
activity during extended HILDCAA intervals, associated with high-speed solar wind streams, is large ampli-
tude Alfvén waves. Dai et al. (2023) confirmed these findings in multiple events in corotating interaction
region-driven geomagnetic storms. They noted that Alfvénic fluctuations in the solar wind associated with repet-
itive substorms contributed to the extended recovery phases of geomagnetic storms, and that such intervals were
promptly followed by hundreds of nT increases in the AE and AU auroral electrojet indices within 10-20 min.
Dai et al. (2023) also presented a phenomenological model of strongly driven substorms, in which the increase
of the AE index is linked to dayside reconnection mainly through the ionosphere (through enhanced two-cell
convection) instead of the magnetotail, and suggested that this pattern is expected to be particularly viable and
even dominant in the descending phase of the solar cycle.

Earlier studies by Kim et al. (2009) and Lyons et al. (2009) also found evidence for links between dayside
reconnection and nightside disturbances via increased ionospheric convection. Kim et al. (2009) noted that
north-south solar wind fluctuations enhanced ionospheric convection flows in the dayside polar cap and that
ULF power in the solar wind enhanced the convection strength, independent of an observed direct effect from
the solar wind speed. They also noted that these large oscillations of convection flow speeds occurred independ-
ent of the direction of the IMF, found correlations with Vsw and Psw, and presented evidence that the power
in the IMF fluctuations affects the convection independently of effects of Psw fluctuations. Lyons et al. (2009)
found that there were also close relationships between solar wind fluctuations and convection flows in the
nightside ionosphere and within the plasma sheet, indicating that the effect of the solar wind fluctuations was
global.

Lyons et al. (2011, 2013) extended this connection to auroral poleward expansions, post-onset auroral streamers,
and the duration of post-onset auroral activity. Lyons et al. (2013) noted that the more abrupt and larger magnetic
field responses came not from auroral onsets but in association with post-onset streamers at times varying from
just a few minutes to well over 30 min after substorm auroral onset if there was a prolonged period of stream-
ers. Similarly, Nishimura et al. (2013) presented evidence indicating that plasma transport (observed as airglow
patches) originating from the dayside and reaching the nightside open-closed boundary may trigger plasma sheet
flow bursts and play a crucial role in both pre- and post-onset auroral activity.

The poleward progression of these GMDs and associated increases in ionospheric and field-aligned currents are
related to the tailward retreat of the magnetotail reconnection region, as suggested in observational studies by
Nakamura et al. (2011) and Ieda et al. (2016). The reconnection region associated with a substorm onset may
initially be close to Earth, but as the magnetic field dipolarizes, subsequent auroral breakups correspond to recon-
nection regions farther downtail. This tailward retreat corresponds to the poleward shift of the magnetic footprint.

A recent study by Zou et al. (2022) used coordinated observations from THEMIS and Geophysical Institute
Magnetometer Array magnetometers and THEMIS all-sky imagers to statistically examine large dB/dt intervals
during geomagnetic storms from 2015 to 2016. They identified a variety of auroral drivers, including poleward
expanding auroral bulges, auroral streamers, poleward boundary intensifications, omega bands, and pulsating
auroras. In particular, they noted that poleward expanding auroral bulges drive large dB/dt events that spread
progressively poleward, and periodic injections of streamers drive large dB/dt events that occurred in periodic
bursts.

Although the importance of the auroral drivers for GMDs suggested by Zou et al. (2022) is consistent with this
study and our previous studies, we have found that these auroral drivers are not limited to the occurrences of
geomagnetic storms. Instead, the most intense nighttime GMDs at high latitudes and extending toward midlat-
itudes are related statistically to substorms and especially extended periods of magnetotail activity related to
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high-speed streams. Two of the three events presented by Engebretson et al. (2019b) noted the association
between intense GMDs and auroral streamers, as did one event shown in Figure 11 of Weygand et al. (2021).

7. Summary and Conclusions

This study has presented observations of >6 and >20 nT/s GMD occurrences at high latitudes (nearly all of them
during local nighttime) during the most recent sunspot cycle and compared them to several parameters that are
expected to be associated with them: a measure of solar activity (monthly sunspot numbers), measures of the
interaction between the solar wind and the magnetosphere (the solar wind velocity Vsw and dynamic pressure
Psw), a measure of activity in the magnetotail (the number of substorm onsets), and a measure of magnetic storm
intensity (the SYM/H index). Our previous studies have shown a strong short-term relation between the occur-
rence of >6 nT/s GMDs and prior ~30 min intervals of southward IMF Bz, which is also related to magnetotail
activity and the occurrence of substorm onsets.

1. In the data sets presented here, GMDs >6 nT/s occurred more often during the declining phase of sunspot
cycles, rather than during their first half or during years of sunspot maxima or minima. This was evident for
GMDs observed in Arctic Canada between 2011 and 2022 (this study) and was consistent in large part with
three published studies using data covering multiple years. It is notable that even at mid- and low latitudes,
many more GMDs occurred during the declining phase of the sunspot cycle, but we noted that very few events
were observed in Australia during any part of the 1988-1997 solar cycle.

2. The annual GMD occurrence percentages in this study agreed better with annual values of the solar wind
velocity, and only slightly less well with annual average values of substorm occurrences. Many or most of
these GMDs were associated with high-speed solar wind streams that can occur either in association with
geomagnetic storms stimulated by high-speed CMEs or CIRs or during their extended aftermath, during
HILDCAA intervals.

3. Occurrences of >20 nT/s GMDs in this study were more strongly associated with the declining phase of the
sunspot cycle and with high Vsw values than >6 nT/s GMDs. Occurrences of >20 nT/s GMDs were most
common within 25 min after a substorm onset (but few occurred within 5 min), and all occurred within 80 min
after an onset. These timing patterns appeared also in our earlier studies of >6 nT/s GMDs. Occurrences of
these GMDs showed a peak in the SYM/H range from —40 to —11, that is, mostly during modestly or weakly
disturbed geomagnetic conditions, but as noted above, during more intense magnetic storms the auroral oval
moves much farther equatorward, so large GMDs would tend to be observed less often at high latitudes.

4. Of the 43 of 72 >20 nT/s GMD events that were also observed with large amplitude at neighboring stations,
25 showed a poleward progression, one a westward progression, 17 were stationary or unclear, and none
were equatorward. The mechanisms governing this poleward progression may be related to auroral poleward
expansion, which may be attributed to the tailward retreat of the magnetotail reconnection region, which is
now known to occur during times of roughly continuous disturbed conditions stimulated by high-speed solar
wind streams and their associated Alfvén waves.

The combination of the strong connection between intense and extreme GMD events at high latitudes and both
high-speed solar wind streams and intervals following substorm onsets, rather than with intense magnetic storms
and large negative SYM/H values, as well as the relative absence of such events during the rising phase of the
last three solar cycles, suggests that warnings of intense GMDs should not be restricted to the rising phase of
the sunspot cycle or times when CMEs are approaching Earth. Rather, the relatively less studied occurrence of
high-speed solar wind streams and HILDCAA activity that are associated with geomagnetically disturbed condi-
tions during the declining phase of the sunspot cycle may provide additional clues as to the proximate causes of
these often impulsive nighttime disturbances.

Data Availability Statement

Ground-based magnetometer data used in this multi-year study were recorded at five stations in the MACCS
(Engebretson et al., 2011) and AUTUMNX (Connors, 2023) arrays in Eastern Arctic Canada. The database
of GMD events created in this study is available in the University of Michigan Deep Blue Data Repository
(Engebretson, 2023). The three substorm lists accessed in this study are available from the SuperMAG web site
(Gjerloev, 2023). OMNI data are available from the Coordinated Data Analysis Web (CDAWeb) part of the Space
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