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Abstract

Rapid changes of magnetic fields associated with nighttime magnetic perturbation events (MPEs) with amplitudes |ΔB| of

hundreds of nT and 5-10 min duration can induce geomagnetically-induced currents (GICs) that can harm technological systems.

Here we present superposed epoch analyses of large nighttime MPEs (|dB/dt| [?] 6 nT/s) observed during 2015 and 2017 at

five stations in Arctic Canada ranging from 64.7° to 75.2° in corrected geomagnetic latitude (MLAT) as functions of the

interplanetary magnetic field (IMF), solar wind dynamic pressure, density, and velocity, and the SML, SMU, and SYM/H

geomagnetic activity indices. Analyses were produced for premidnight and postmidnight events and for three ranges of time

after the most recent substorm onset: A) 0-30 min, B) 30-60 min, and C) >60 min. Of the solar wind and IMF parameters

studied, only the IMF Bz component showed any consistent temporal variations prior to MPEs: a 1-2 hour wide 1-3 nT negative

minimum at all stations beginning ˜30 to 80 min before premidnight MPEs, and minima that were less consistent but often

deeper before postmidnight MPEs. Median, 25th, and 75th percentile SuperMAG auroral indices SML (SMU) showed drops

(rises) before pre- and post-midnight type A MPEs, but most of the MPEs in categories B and C did not coincide with large-

scale peaks in ionospheric electrojets. Median SYM/H indices were flat near -30 nT for premidnight events and showed no

consistent temporal association with any MPE events. More disturbed values of IMF Bz, Psw, Nsw, SML, SMU, and SYM/H

appeared postmidnight than premidnight.
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Key Words:  magnetic perturbation events, geomagnetically induced currents, GIC, substorms, 

geomagnetic storms, magnetic indices

Key Points:  

Superposed epoch analyses of 2 years of observations of ≥6 nT/s magnetic perturbation events 

(MPEs) from 5 high latitude Arctic stations.

Of the solar wind and IMF parameters studied, only IMF Bz showed any consistent pattern:  a 

drop and rise prior to MPE occurrence.  

Most of the MPEs that occurred more than 30 minutes after a substorm onset did not coincide 

with peaks in the westward electrojet.  

Abstract   

 Rapid changes of magnetic fields associated with nighttime magnetic perturbation 

events (MPEs) with amplitudes |ΔB| of hundreds of nT and 5-10 min duration can induce 

geomagnetically-induced currents (GICs) that can harm technological systems.  Here we present

superposed epoch analyses of large nighttime MPEs (|dB/dt| ≥ 6 nT/s) observed during 2015 

and 2017 at five stations in Arctic Canada ranging from 64.7° to 75.2° in corrected geomagnetic 

latitude (MLAT) as functions of the interplanetary magnetic field (IMF), solar wind dynamic 

pressure, density, and velocity, and the SML, SMU, and SYM/H geomagnetic activity indices.  

Analyses were produced for premidnight and postmidnight events and for three ranges of time 

after the most recent substorm onset:  A) 0-30 min, B) 30-60 min, and C) >60 min.  Of the solar 

wind and IMF parameters studied, only the IMF Bz component showed any consistent temporal

variations prior to MPEs:  a 1-2 hour wide 1-3 nT negative minimum at all stations beginning 

~30 to 80 min before premidnight MPEs, and minima that were less consistent but often 

deeper before postmidnight MPEs.  Median, 25th, and 75th percentile SuperMAG auroral indices 

SML (SMU) showed drops (rises) before pre- and post-midnight type A MPEs, but most of the 

MPEs in categories B and C did not coincide with large-scale peaks in ionospheric electrojets.  

Median SYM/H indices were flat near -30 nT for premidnight events and showed no consistent 
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temporal association with any MPE events.  More disturbed values of IMF Bz, Psw, Nsw, SML, 

SMU, and SYM/H appeared postmidnight than premidnight.  

1.  Introduction

The threat to both spaceborne and ground-based technological systems posed by 

extreme events in Earth’s space environment has led in recent years to numerous observational

and modeling studies of the impact of dynamical processes in the solar corona that are 

conveyed to Earth via the solar wind plasma and interplanetary magnetic field that interact 

with Earth’s magnetosphere and ionosphere.   

The influence of extreme solar phenomena on Earth was first documented for the 

Carrington event of 1859 (Carrington, 1860), in which a large and complex set of solar flares 

caused not only widespread auroral displays but also disturbances in telegraph systems over a 

large portion of Earth.  Observations of similarly rare events since then, such as recent studies 

of the great magnetic storms of May 1921 and March 1989 and their effects (Hapgood, 2019; 

Love, 2019; Boteler, 2019) have shown in more detail the ways in which “space weather” can 

have deleterious impacts on large-scale human technological systems, even to the extent of 

causing a blackout of the entire Hydro-Quebec electrical grid.  

The mechanisms by which these externally driven events caused dangerous electrical 

currents at Earth’s surface are now known to be rapid variations in Earth’s geomagnetic field - 

large unipolar or bipolar solitary pulses predominantly in the premidnight sector or Pi3 or Ps6 

pulsations in the postmidnight sector - with typical amplitudes |ΔB| of hundreds of nT and 5-10

min duration - (Viljanen 1997; Boteler, 1998; Viljanen et al. 2001, Pulkkinen 2017; Belakhovsky 

et al., 2018; Yagova et al., 2018; Vorobev et al., 2019; and Engebretson et al., 2020).   Knipp 

(2015) presented an annotated bibliography of studies of these geomagnetically induced 

currents (GICs), and Ngwira and Pulkkinen (2019) provided an introduction to a collection of 

recent studies of GIC events.  Improved understanding of the physical mechanisms that 

produce large, rapid, and localized variations in Earth’s magnetic field has developed through 
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both observational studies such as those cited above and through computer simulations (e.g. 

Wintoft et al., 2015; Honkonen et al., 2018; Mukhopadhyay et al., 2020; Welling et al., 2020; 

and Marshalko et al., 2021).  Recent efforts in the U.S. to support focused research, warning, 

and mitigation efforts have been documented by Knipp and Gannon (2019).

The regions in which most rapid variations in Earth’s geomagnetic field are located are 

under the auroral zone, which is typically located between 60° and 75° in corrected 

geomagnetic latitude (MLAT).  Because this “auroral oval” expands during major geomagnetic 

storms, large, rapid magnetic field perturbation events can extend to middle latitudes where 

denser networks of electrically conductive structures (high voltage power lines and pipelines) 

exist.  The extreme events during which large magnetic perturbation events (MPEs) occur at 

middle latitudes are rather rare, and many observational and modeling studies of extreme 

MPEs have focused on these large geomagnetic storms or the substorms embedded within 

them. To date, however, a detailed understanding of the chain of physical processes that cause 

them remains elusive, and accurate predictions of their occurrence remain unattainable.   

Viljanen and Tanskanen (2011) and Engebretson et al. (2019a,b) have noted that 

extreme MPEs occur much more often at more typical auroral latitudes, so that a large set of 

such events can be compiled for detailed statistical and event studies, using data from arrays of 

ground-based magnetometers and auroral imagers.  Three years ago we began a survey of > 6 

nT/s MPEs observed at high latitude stations during 2015 and 2017 in eastern Arctic Canada, 

part of 4 different magnetometer arrays.  Any event with dB/dt > 5 nT/s is understood to be 

large enough to cause magnetic induction hazards (Boteler, 2001, Woodroffe et al., 2016), so 

these events (more than 50 per year at most of these stations) were all above the “danger” 

threshold.  Although the high latitude sites in Arctic Canada used in this paper are not 

susceptible to GIC effects because of the absence of long electrical power lines or pipelines, the 

physical mechanisms involving transient ionospheric currents that produce MPEs and GICs are 

most likely to be the same under more expanded auroral oval conditions.

Two papers reporting results from this work were published in 2019 (Engebretson et al., 

2019a,b):  the first paper presented statistical results using data from these magnetometers, 

and the second presented 3 case studies using auroral imagers and spacecraft data as well.  A 
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third JGR paper (Engebretson et al., 2021, henceforth referred to as paper 3), as well as another

study that compared MPEs observed in the Arctic and Antarctic using some of these stations as 

well as stations in Greenland (Engebretson et al., 2020), showed several differences in 

characteristics between premidnight and postmidnight MPEs.  At least some of the 

postmidnight events were associated with auroral omega bands, as also noted by Viljanen et al.

(2001) and Apatenkov et al. (2020). 

In this study we build on the data base of large nighttime MPEs used in paper 3 to 

present a superposed epoch analysis of these MPEs as functions of the interplanetary magnetic 

field, the dynamic pressure, density, and velocity of the solar wind (from the OMNI database) 

time shifted to the nose of the Earth’s bow shock, and the SML, SMU, and SYM/H geomagnetic 

activity indices.  Because our previous studies noted that a substantial fraction of these events 

did not occur in close proximity to substorm onsets, analysis plots were produced separately at 

each station not only for premidnight and postmidnight MPEs, but also for three ranges of time 

after the most recent substorm onset:  A) 0-30 min, B) 30-60 min, and C) >60 min.  

By providing detailed information on the temporal dependence of these events as 

functions of both external variables and geomagnetic activity indices, we provide statistical 

associations that may be helpful for understanding or at least circumscribing the physical 

mechanisms involved in their generation.  Section 2 describes the data used in this study and 

the procedure used to identify and quantify MPEs.  Sections 3 and 4 present superposed epoch 

analyses of each of the above external variables and of geomagnetic activity indices, 

respectively.  Section 5 summarizes these observations and discusses their implications in the 

light of other recent studies, and section 6 presents our conclusions and remaining open 

questions.  

2.  Magnetometer Data Set and Prior Studies

Vector magnetometer data used in this study were recorded during 2015 and 2017 at 

five stations in the MACCS (https://doi.org/10.48322/sydj-ab90, Engebretson et al., 1995), 

CANMOS (Nikitina et al., 2016), and AUTUMNX (Connors et al., 2016) arrays in Arctic Canada 
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with corrected geomagnetic latitude (MLAT) ranging from 64.7° to 75.2°, as detailed in Table 1 

and Figure 1.  Using a semi-automated process (described in detail in Engebretson et al., 2019a)

we identified all the MPEs with derivative amplitudes (|dB/dt| ≥ 6 nT/s).  For each event we 

also recorded the values of the magnitude and vector components of the interplanetary 

magnetic field (IMF), solar wind pressure, number density, and speed, the SYM/H index, and 

the SuperMAG versions (SML and SMU) of the AL and AU auroral activity indices.  

Figure 2, originally presented in paper 3, shows the number and amplitude of MPEs at 

each station as a function of their time delay after the most recent substorm onset (obtained 

from the SuperMAG substorm list using criteria detailed by Newell and Gjerloev, 2011).  The 

two vertical blue bars separate the 3 time delay ranges.   Roughly 10% of events at each station 

occurred more than 2 hours after substorm onset.             

All of the ≥ 6 nT/s perturbation events observed at these stations fell into the magnetic 

local time(MLT) range from 17 to 07 MLT.  These events are displayed as a function of MLT in 

two ways in Figure 3 (also originally presented in paper 3).  Figure 3a shows the number of 

occurrences of these MPEs at each station grouped in 1-hour MLT bins and sorted by magnetic 

latitude.  Different symbols are used to designate events based on the time of MPE occurrence 

after the closest prior substorm onset:  plus signs for Δtso ≤ 30 min, open squares for Δtso 

between 30 and 60 min, and open triangles for Δtso ≥ 60 min.  Two populations are evident in 

this figure:  a broad “premidnight” distribution extending from dusk to shortly after midnight 

(17 to 1 MLT) that appears at all latitudes shown, and a “postmidnight” distribution in the 

midnight to dawn sector (2 to 7 MLT) that is prominent only at the lower latitude stations.  The 

local time distributions in Figure 3a are consistent with the local time distribution of GICs in 

Figure 12 of Pulkkinen et al. (2003), which was based on an updated and extended version of 

the data originally presented by Viljanen et al. (2001).  Both show two peaks:  a broad 

premidnight one that extends to 1 MLT, and a smaller postmidnight one.  The distribution of 

substorm onsets determined from IMAGE-FUV observations shown in Figure 2 of Frey et al. 

(2004) was similar to Figure 3a only in being confined to nighttime MLT hours; it was more 

tightly peaked between 21 and 01 MLT and had no secondary peak at later MLT.    
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Figure 3b shows the distribution of MPE derivative amplitudes (the maximum |dB/dt| 

during each event) at these same stations.  MPE amplitudes were larger in the “premidnight” 

population at higher latitudes, but their amplitudes were similar in the two MLT ranges at the 

two lower latitude stations.

As Figure 3 shows, the number of “postmidnight” MPEs at the three most poleward 

stations was much lower than at the two more equatorward stations.   Table 2 presents the 

numerical and percentage distributions of both “premidnight” and “postmidnight” MPEs in the 

six MLT and Δtso categories used throughout this paper.  

3.  Superposed Epoch Analysis: External Influences

Because activity in Earth’s magnetosphere is driven in large part by external influences, 

it has been helpful to investigate the time-dependent response of many magnetospheric 

phenomena such as geomagnetic storms, substorms, and various categories of wave 

phenomena to levels of and variations in the solar wind plasma and IMF that impinge on it.  In 

this section we use the superposed epoch technique (Chree, 1913; Lühr et al., 1998) to 

investigate both the levels and temporal variations of the dynamic pressure (Psw), number 

density (Nsw), and velocity (Vsw) of the solar wind, and the magnitude |B| of the IMF, its  

individual components Bx, By, and Bz in the GSM (geocentric solar magnetic) coordinate 

system, and its azimuthal angle in the ecliptic plane.  

Each superposed epoch plot in sections 3 and 4 shows the value of a given external 

variable over an 8-hour period, from 4 hours before the occurrence of an MPE to 4 hours 

afterward.  Plots with only black traces show median values at each station for MPE events in 

each of the six MLT and Δtso categories described above (no plots are shown if the number of 

events in a given category was less than 5).   Color plots, presented for selected stations and/or 

categories, show all instances of the given variable or index as thin black traces, as well as their 

median (yellow) and 25th and 75th percentiles (red).

3.1.  Solar Wind Pressure, Density, and Velocity
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Figure 4 shows median values of the solar wind dynamic pressure Psw for all five 

stations and in all six categories for which the number of events was ≥ 5.  Median Psw values 

were nearly flat between 2 and 3 nPa for all 3 premidnight categories, slightly larger than the 

two-year median Psw value of 1.95 nPa.  Postmidnight median Psw values were larger (3 to 

nearly 15 nPa), more variable (partly because of the smaller number of events in panels b6-b7 

and c6-c7), and exhibited a slight increase 30-120 min prior to t = 0 for events in categories A 

and B. 

Medians of Psw, however, do not convey information about the distributions of their 

values; in nearly every subcategory shown in Figure 4 at least one Psw trace had values 

exceeding 10 nPa.  Figure 5 shows two such examples, corresponding to panels a2 and a5 of 

Figure 4.  Although most MPEs occurred when Psw values were near or only slightly above the 

yearly mean, a small number occurred during intervals of large and highly fluctuating Psw.  

Figure 6 shows median Nsw values in a format similar to that of Figure 4.  Median Nsw 

values were nearly flat from 4 hours before to 4 hours after premidnight MPE occurrences at all

five stations, but with values ranging from 3.5 to 5.5 cm-3, compared to the two-year median 

Nsw value of 4.5 cm-3.  For the considerably fewer postmidnight events (most at lower latitude),

median Nsw values were higher (5 to 8 cm-3) and more variable but exhibited no consistent 

temporal pattern.  

Example plots of all Nsw traces during category A events at CDR and KJPK are shown in 

Figure 7.  Highly variable traces that exceeded 20 cm-3 were observed in a few cases, but many 

more traces remained below 3 cm-3 and were nearly steady.    

Median Vsw values, shown in Figure 8, were between 450 and 650 km/s at all stations 

both premidnight and postmidnight (somewhat above the two-year median Vsw value of 422 

km/s).  They showed no trends during the 8-hour interval about premidnight MPEs at the three 

most poleward stations, but with slight gradual drops at the two lowest latitude stations.  

Postmidnight Vsw values were more variable but with no consistent temporal pattern.  

Example plots of all Vsw traces during category A events at CDR and KJPK are shown in 

Figure 9.  Very few Vsw traces exceeded 700 km/s, and again these revealed no consistent 

temporal pattern; most of the individual traces shown were rather flat over the 8-hour interval. 
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Figure 9b shows a gap in Vsw traces near 550 km/s, which is partly obscured by the yellow 

median trace.  One puzzling detail is that occurrence minima such as this, in the velocity range 

from ~500 to 600 km/s, appeared at several stations and in several event categories (not 

shown).  We do not yet have an explanation for this gap.  

3.2.  Interplanetary Magnetic Field 

Of the solar wind and IMF parameters studied, only IMF Bz showed any consistent 

pattern prior to MPE occurrence.  Figure 10 shows that premidnight median Bz values in 

categories A and B at all 5 stations had a 1-2 hour wide 1-3 nT negative minimum beginning ~30

to 80 min before t = 0 and rising to or beyond t = 0.  The minima did not correspond to the time 

of substorm onset.  Negative medians preceded premidnight category C events as well, but 

they were nearer 0 nT at the two higher latitude stations, and were successively more negative 

with lower latitude.  Median minima that were less consistent but often deeper preceded 

postmidnight MPEs  

Plots from two representative stations showing all Bz traces (Figures 11 and 12) indicate 

that this pattern held for the 25th and 75th percentile traces in most cases as well as for the 

medians, but that not every Bz trace was negative prior to MPE occurrence or showed a similar 

time dependence.  Very similar patterns held for the all-trace Bz plots for the other three 

stations as well (not shown).

In contrast to the substantial negative excursions of IMF Bz medians prior to MPE 

occurrences in most panels of Figure 10, fewer identifiable patterns appeared in superposed 

epoch plots of IMF Bx and By.  Figures S1 and S2, in the same format as Figure 10, show the 

median traces of IMF Bx and By for all six MLT and time delay categories.  Premidnight category 

A panels showed a 1-2 nT rise and slight fall in Bx during the 4 hours before MPE occurrence 

and a corresponding 1-2 nT fall and slight rise in By, but no consistent pattern was evident in 

most panels prior to postmidnight MPEs or later premidnight MPEs.  The magnitudes of both Bx

and By were also somewhat larger for postmidnight than premidnight events (note the larger 

vertical scales).  
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Figure 13 shows superposed epoch plots of all IMF Bx and By values and the median and

25th and 75th percentiles in premidnight category A MPEs observed at Cape Dorset.  The traces 

for both components were centered roughly near 0, but the median in Bx was < 0, and that in 

By was > 0, consistent with a Parker-Spiral oriented IMF vector directed toward Earth.  

However, the IMF Bx and By traces in Figure 13 also show a large range of values, both positive 

and negative, such that the 25th and 75th percentiles have opposite signs.  Examination of similar

plots of Bx and By traces at all five stations and all six categories (not shown) revealed that the 

25th and 75th percentile traces had opposite signs for most or all of the 8 hour interval in nearly 

every case. 

Figure S3 shows the medians of the x-y vector component of the IMF (in the ecliptic 

plane) for all six MLT and time delay categories.  A Parker-Spiral orientation directed Earthward 

was observed consistently for category A premidnight events (panels a1-a5) and was often 

observed during category B premidnight events (panels b1-b5), but the directions were much 

more varied and at times with ortho-Parker-Spiral orientation for category C premidnight 

events (panels c1-c5) and for all postmidnight events (panels a5-a6, b5-b6, and c5-c6).  The 

median IMF orientation during premidnight category A and B events was not only in the Parker-

spiral direction, but was also oriented predominantly in the direction toward Earth.  The 

implications of these patterns are unclear, but may provide clues for further study.   The 

magnitudes of postmidnight median vectors were also larger than premidnight ones, consistent

with the larger medians in Bx and By.  

In order to determine the influence of large IMF By events on MPE occurrence, we 

compared 156 events during 2015 compiled by Shane Coyle of Virginia Tech 

(doi:10.5281/zenodo.4657235) when the IMF vector was within ± 30 degrees of the GSM Y-axis,

|By|was  > 6 nT, and events lasted longer than 30 minutes, to the times of MPE occurrences at 

3 stations during that year.  Only one of these MPEs (62 at CDR, 67 at IQA, and 71 at KJPK) 

occurred during the time of the large IMF By events.  This suggests that MPEs require IMF 

conditions prior or during their occurrence that are dominated by negative IMF Bz, and thus 

any effects of large IMF By orientations to promote asymmetry between hemispheres might 

not apply strongly to these nighttime impulsive events.  
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Figure S4 shows that median IMF |B| values were nearly flat from 4 hours before to 4 

hours after premidnight MPE occurrences at all five stations; there was no consistent pattern to

the small deviations observed at the two stations with the smallest numbers of events (RBY and

KJPK).  Premidnight|B| values were between 5 and 6 nT at the four most poleward stations 

(only slightly higher than the two-year median |B| value of 5.16 nT) and somewhat higher at 

KJPK (between 5 and 8 nT).  In contrast, median |B| traces for postmidnight MPEs were more 

variable and dropped gradually from between 8 and 12 nT to between 5 and 8 nT during the 8-

hour interval.  Figure 14, which shows plots of all IMF|B|traces for category A premidnight 

MPEs at Cape Dorset and Kuujuarapik, again indicates the wide range of IMF magnitudes and 

the lack of any consistent temporal patterns before, during, and after MPEs occurring within 30 

minutes of substorm onsets.  A similarly wide range of magnitudes was observed at each 

station and in all six categories.  

4. Superposed Epoch Analysis: Geomagnetic Activity Indices

Because geomagnetic activity indices are derived from previous or at best near real time

observations of activity such as geomagnetic storms or substorms, they of course cannot be 

used as predictors of such activity.  However, superposed epoch plots of global indices may 

reveal temporal patterns in activity that can aid in understanding the causal chain leading to 

their occurrence.   In this section we present such plots for three indices:  SME, SML, and SYM/

H.  

4.1 SML and SMU

Like the more traditional AL and AU auroral electrojet indices, the SuperMAG versions of

the these indices, SML and SMU respectively, measure aspects of auroral power (Newell and 

Gjerloev, 2011a,b), but they are based on data from a much larger set of ground observatories. 

SML and SMU measure the strength of the westward (eastward) electrojet, respectively, and 

rapid and moderately sustained decreases in SML are used to identify substorm onsets.  
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Figures 15 and 17 show superposed epoch plots of all SML and SMU values, 

respectively, as well as medians and 25th and 75th percentiles from Cape Dorset, Salluit, and 

Kuujuarapik.  Similar plots from Repulse Bay and Iqaluit closely resembled those from Cape 

Dorset (not shown).  

Panels a1-a3, b1-b3, and c1-c3 of Figure 15 show that a wide range of SML values for 

premidnight events at each station appeared throughout the 8-hour periods shown, with a large 

number of values near 0 both before and after t = 0 but also with some large negative values, extending 

to even -1600 nT, in most panels.  However, very similar temporal patterns appeared in the median and 

both the 25th and 75th percentile traces of category A premidnight events (panels a1-a3):  a modest slow 

rise from -4 to -1.5 h was followed by a much steeper decrease with increasingly negative slope from -

1.5 h to t = 0 h, with a median amplitude drop of ~400 nT.   After a more gradual rise after t = 0 SML 

values returned to earlier levels after ~2 h.  A large number of traces had minima between ~-15 min and 

+30 min, suggesting that many of the MPEs in this category coincided approximately with the 

times of the most intense westward electrojets.  It is consistent with the time delays shown in 

Figure 2 that only a few MPEs coincided with onsets (0-30 min prior), which are associated with 

rapid but step-like drops in SML.   

Figure 16 provides a zoomed-in histogram view of the distribution of minima in each 

SML trace at Cape Dorset and Kuujuarapik in the range from -30 to +30 min epoch time for 

category A premidnight events.  Panel (a) shows a nearly symmetric distribution at Cape Dorset 

between -5 and +5 min and peaked at 0 min, with very few events beyond ±10 min.  Panel (b) 

shows a distribution that was skewed 2-3 minutes toward later times but again had very few 

events beyond ±10 min.  Both panels confirm that MPEs and minima in SML during category A 

premidnight events very often occurred within ~10 minutes of each other, but also shows that 

they were only occasionally simultaneous.  This time range is consistent with observations that 

large MPEs often occur during the downward (upward) slopes before (after) the times of 

minima of 5-10 min duration negative spikes in Bx (cf. example event waveforms Figures 3, 6, 

and 9 of Engebretson et al., 2019b). 

Panels b1-b3 of Figure 15 show that for category B premidnight events minima in the 

medians and 25th and 75th percentile traces occurred ~30 min before t = 0 at CDR and SALU, and

15-25 min at KJPK, so most of these MPEs did not coincide with peaks in the westward 
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electrojet or with substorm onsets.  Very few large negative peaks appeared in the traces in 

panels c1-c3 for category C premidnight events, and none of the most negative ones occurred 

near t = 0.  The traces, median, and the 25th and 75th percentile traces in these panels also were 

much less variable than those for categories A and B events.  

Panels a4-a6 and b4-b6 of Figure 15 show that postmidnight SML temporal patterns at 

each station were similar to their premidnight counterparts in each category, but with ~2 times 

more negative values.  They also showed much more variability, due in part to the smaller 

number of postmidnight events at each station.  In contrast to the relatively flat premidnight 

category C panels c1-c3, postmidnight panels c4-c6 showed large negative peaks for ~2 hours 

prior to t = 0 and occasional large negative peaks throughout the 8-hour period shown.  The 

medians and both percentiles tended toward 0 nT from -1 h to slightly past t = 0, again 

suggesting little or no temporal correlation between these MPEs and simultaneously increased 

electrojet activity.    Premidnight median minima were deeper for category A MPEs than for 

premidnight categories with larger time delays, but postmidnight minima in the median and 

both percentiles were at some stations deepest for categories with larger time delays, but as 

noted above the latter minima did not occur at t = 0. 

We further note that those SML traces in premidnight panels a1-a3 that were near 0 nT 

prior to t = -5 min dropped sharply by t = 0.  Similar drops began slightly earlier in premidnight 

panels b1-b3, and all of the SML traces in postmidnight panels a4-a6 and b4-b6 dropped to 

below -200 nT by t = 0.   These rapid drops may reflect the rapid development of the localized 

currents that drive MPEs.  Of course, based on this information alone one cannot distinguish 

between currents that are stationary (but with amplitudes rapidly changing in time) from 

rapidly moving current structures that may have more constant amplitude.  A denser array of 

ground stations and a different type of analysis would be needed to distinguish between these 

two extremes.   

The SMU traces in Figure 17 again showed category-dependent variations, but with some 

important differences in their time dependence from those in SML.  Premidnight category A SMU 

traces (panels a1-a3) peaked 10-15 min after the MPEs, while rises in category B traces were 

broader in time and reached their maximum values 15-20 min before the MPEs, and category C 
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traces at 2 of the 3 stations shown maximized from 10 to 40 min after the MPEs.  The 

postmidnight patterns for SMU also differed considerably from those for SML.  Whereas panels a4-a6 of 

Figure 15 showed SML minima in medians and both 25th and 75th percentiles at t = 0, the median SMU 

traces in panels a4-a5 of Figure 16 were essentially flat, and the trace in panel a6 had a modest peak 

centered at t = +30 min.   Peaks in median SMU values appeared in panels b4-b6 of Figure 16 at or 

slightly after t = 0, while minima in median SML values in panels b4-b6 of Figure 15 appeared from 15 to 

45 min before t = 0.  The relative increases of peaks in median SMU values in panels b4-b6 and c5-c6 in 

Figure 16, however, were similar to the relative decreases of peaks in median SML in panels b4-b6 and 

c5-c6 of Figure 15.  The behavior of the SML and SMU traces in category A near 0 nT before t = 0 also 

differed:  Nearly all SML traces in panels a1-a6 of Figure 15 dropped to -150 nT or below at t = 0, but the 

lowest SMU traces in panels a1-a2 and a4-a5 of Figure 17 were nearly flat and the lowest SMU traces in 

panels a3 and a6 (for MPEs at KJPK) increased only slightly.  

Panels a1-a3, b1-b3, and c1-c3 of Figure 17 show the vast majority of SMU traces for 

premidnight events were below 200 nT throughout the 8-hour periods shown, with only those at and 

above the 75th percentile in panel a1 exceeding that value within ±30 minutes of t = 0.  From -4 to -1 h 

and +1 to + 4h the median SMU values were relatively constant and 50 to 100 nT higher in all three 

premidnight categories at KJPK than at CDR or SALU.   The relative scale of increases in SMU panels a1-

a3 of Figure 16 was only ~half as large as the relative scale of decreases in SML in panels a1-a3 of Figure 

15, and the relative scale of SMU increases in panels b1-b3 and c1-c3 of Figure 16 was also smaller than 

those of SML decreases in panels b1-b3 and c1-c3 of Figure 15.  

4.2.  SYM/H

The SYM/H index (Iyemori et al., 2010), like the older DST index developed by Sugiura 

and Poros (1971), describes longitudinally symmetric geomagnetic disturbances at mid-

latitudes, but with higher time resolution - 1 minute vs. 1 hour (Wanliss and Showalter, 2006).

Figure 18 shows superposed epoch plots of all SYM/H traces and the median, 25th, and 

75th percentiles in premidnight category A MPEs observed at CDR and KJPK.  Their wide range of

values, from ≤ -150 to > +30 nT, was typical of those in all categories at all five stations.  The 

pattern of SYM/H traces at CDR shown in Figure 18a was very similar to the category A 

distributions at RBY, IQA, and SALU (not shown):  they were distributed rather uniformly 

between -40 and +10 nT, with only a small number of traces being below -50 nT.  Most of the 
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traces at KJPK were more negative (between 0 and -70 nT) but were not as clearly dominant in 

a limited range.  

Figure S5 shows the medians of SYM/H for all six MLT and time delay categories.  

Premidnight median values were near -20 nT at the four most poleward stations (panels a1-a4, 

b1-b4 and c1-c4), but nearer to -30 at KJPK (panels a1, b1, and c1).  The medians in most 

premidnight panels showed temporal variations of up to ±3 nT, but these showed little 

consistency between stations.  The medians for all of the postmidnight MPEs at SALU and KJPK 

showed a 10-20 nT negative trend before MPE occurrence and were lower (-30 to -50 nT) near 

and after t = 0, regardless of delay after substorm onset. The larger short-term variations of the 

medians in panels b6, b7, c6, and c7 are due to the smaller number of events in these 

categories.  Most of the few postmidnight MPEs the three higher latitude stations RBY, CDR, 

and IQA (not shown) showed similar trends.

5.  Summary of Observations

This study has presented a superposed epoch analysis of the occurrence of large MPEs 

as a function of properties of the solar wind, the IMF, and three global geomagnetic activity 

indices.  In order to help identify possible physical mechanisms responsible for their occurrence,

analyses were performed separately for premidnight events (1700-0100 MLT) and postmidnight

events (0200-0700 MLT), and in both MLT sectors for three ranges of time delay after the most 

recent substorm onset.  

Here we briefly summarize the patterns identified by this analysis. 

1. Median Psw traces for premidnight events were between 2 and 3 nPa and nearly 

constant in time, but slightly above the 2-year median value of 1.95 nPa for all of 2015 

and 2017.  Postmidnight Psw traces were somewhat higher, between 3 and 5 nPa, and 

variable only for categories with 6 or fewer events.  The few traces in most categories 

and most stations that were above 10 nPa revealed no consistent temporal pattern.  

2. Median premidnight Nsw and Vsw traces were again mostly flat, but with slightly more 

scatter before, during, and after MPEs.   Premidnight Nsw medians ranged from 3.5 to 
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5.5 cm-3, straddling the 2-year median value of 4.5 cm-3 for all of 2015 and 2017.  Nsw 

values well above 20 cm-3 were observed in a few premidnight cases, but many more 

Nsw traces remained below 3 cm-3.   Postmidnight Nsw medians were considerably 

higher (5 to 8 cm-3) and more variable but again exhibited no temporal pattern.   

3. Both premidnight and postmidnight Vsw medians ranged from 450 to 650 km/s, 

somewhat above the 2-year value of 422 km/s.  Premidnight Vsw medians had scatter 

similar to that of the Nsw medians; those at the three higher latitude stations were flat 

(no temporal trends).  Premidnight Vsw medians at the two lower latitude stations 

showed slight gradual drops over the 8-hr interval.  Postmidnight Vsw medians were 

more variable but showed no consistent temporal pattern.  Very few Vsw traces 

associated with premidnight events (Figure 9) exceeded 700 km/s, and again these 

revealed no consistent temporal pattern; most of the individual traces shown were 

rather flat over the 8-hour interval.  

4. Of the IMF parameters studied, only IMF Bz showed any consistent pattern prior to MPE

occurrence.  Although there were some exceptions, median, 25th, and 75th percentile Bz 

traces had a 1-2 hour wide 1-3 nT negative minimum at all stations beginning ~30 to 80 

min before premidnight MPEs.  Minima that were less consistent but often deeper 

preceded postmidnight MPEs.  

5. Median traces for IMF Bx and IMF By were variable (± 1-2 nT) for all event categories but

showed no consistent temporal patterns.  Premidnight category A Bx and By median 

traces were often consistent with a garden-hose IMF orientation, but premidnight 

category B and C traces and postmidnight traces in all three categories were not.  For 

most stations and categories, however, the 25th percentile trace was <0 and the 75th 

percentile trace >0.  These several features suggest that the signs of Bx and By did not 

exert any significant influence over the occurrence of MPEs.  It is notable, however, that 

MPE occurrence was suppressed during extended intervals when By was the largest of 

the three components of the IMF.

6. Median vectors of the IMF in the ecliptic plane give a complementary perspective on the

IMF Bx and By components, although they also do not show the great variety of vector 
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series associated with individual events.  The median vectors for premidnight category A

MPEs at all five stations were consistently not only in the Parker-Spiral orientation but 

almost always directed Earthward.  The median vectors for Category B premidnight 

MPEs often but not always followed this pattern, but the median vectors for the other 

categories were highly variable and their vectors were larger for postmidnight events.  

7. Median IMF |B| traces were nearly flat at all five stations for all three premidnight 

categories, with values between 5 and 6 nT (only slightly above the two-year median of 

5.16 nT) at the four most poleward stations, and somewhat higher at KJPK, while the 

postmidnight values were significantly higher and dropped gradually during the 8-hour 

interval.  |B| values ranged widely in all categories at all stations, 

8. Superposed epoch traces of the SML index showed the most variety of behavior as a 

function of category of any parameter studied here.  As was the case for IMF Bz, 

although a number of highly disturbed traces were observed, the medians and 25th and 

75th percentile traces were very similar to each other in every category except those 

with ≤ 6 events.  However, the temporal variations differed strongly between categories 

A, B, and C.  The minimum values of SML category A median and percentile traces 

occurred very near to the time of MPE occurrence for both premidnight and 

postmidnight events, suggesting a close connection to intensification of large-scale 

westward electrojets as part of the substorm process.  A detailed comparison of the 

time of SML minima relative to MPE occurrences for premidnight MPEs at two stations 

showed that most minima occurred within ± 5 - 10 minutes, consistent with the typical 

duration of the large negative spikes in Bx that are so often associated with large 

derivatives.  For category B events, however, the minimum values of the SML traces 

occurred from 15 to 45 minutes before the time of MPEs.  For postmidnight category C 

events the minimum values of these traces occurred even earlier (~1 h) relative to the 

time of MPEs, while for premidnight MPEs the medians and most percentile traces were

nearly flat. The patterns for categories B and C suggest that local rather than more 

spatially extended increases in ionospheric currents were often associated with these 

MPE occurrences.  
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9. Median and percentile SMU traces of showed less temporal variability than SML traces, 

but their maxima also varied in time relative to MPE occurrence for categories A, B, and 

C.  Premidnight category A SMU traces peaked 10-15 min after the MPEs, while rises in 

category B traces were broader in time and reached their maximum values 15-20 min 

before the MPEs and category C traces at 2 of the 3 stations exhibited only very weak 

maxima from 10 to 40 min after the MPEs.  Postmidnight category A SMU traces showed

inconsistent temporal variations, while postmidnight category B and C traces showed 

peaks near the time of MPE occurrence, suggesting that at least some of these MPEs 

may have been associated with eastward electrojets.  

10. SYM/H medians were relatively flat near -20 nT for premidnight events at the four most 

poleward stations, and ~10 nT lower at KJPK.  Individual traces in all categories varied 

widely in level, from ≥ 30 nT to ≤ -150 nT, but most were distributed rather uniformly 

between -40 and + 10 nT, with no consistent temporal pattern.   However, the medians 

for the postmidnight MPEs at all stations showed a negative 10-20 nT trend in SYM/H 

before MPE occurrence; many but not all of the individual traces also showed this 

negative trend.  

6.  Discussion and Conclusions

The superposed epoch analysis presented here of upstream solar wind and IMF 

parameters as well as global geomagnetic indices provides additional evidence of the 

complexity of circumstances under which large localized magnetic perturbations that can cause 

GICs can occur.   

Our separation of nighttime MPEs into 6 categories based on MLT and time of 

occurrence after the most recent substorm onset has shown a nearly consistent temporal 

pattern in only one upstream parameter, the north-south component of the IMF (IMF Bz):  

most MPEs at all five stations and in all six categories were preceded by drops and rises in the 

median IMF Bz component ~1 hour prior to MPE occurrence.  We can thus confirm the findings 

of two other recent studies that long or even somewhat shorter intervals of southward IMF 

18

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524



favored the occurrence of these events.  Rogers et al. (2020), using 125 ground-based 

magnetometers, found that most very large cluster peaks of events with |dBH/dt| amplitude 

exceeding the 99.97th percentile at auroral latitudes (55° < MLAT < 75°) in the 20 to 24 h MLT 

sector occurred during times when IMF Bz was negative, and that occurrences between 3 and 6 

MLT were also enhanced under conditions of negative Bz.  Dimmock et al. (2020), in a study 

using 17 years of observations of large dB/dt events recorded in ground magnetometer data 

obtained by the IMAGE magnetometer network in the Baltic and Fennoscandian region, found 

that the largest derivatives occurred during times when the IMF Bz component was strongly 

southward.  They linked these conditions to times of substorm activity, but also noted that 

rapidly varying small-scale currents provided significant contributions to the derivatives of the 

magnetic field. 

Our superposed epoch study did reveal a modest number of individual exceptions to 

this ~1 hour drop and rise pattern in IMF Bz values.  However, it is important to note some of 

the limitations of the OMNI data set, based on solar wind monitoring from spacecraft near the 

L1 libration point, as reviewed by, e.g., Borovsky (2017) and Walsh et al. (2019).  First, there are 

uncertainties in propagation timing from the upstream monitor(s) near the L1 libration point to 

Earth’s magnetosphere; these can be on the order of 10-15 min.  These timing variations would 

act to smooth out small-scale (<15 minute) features in the solar wind and IMF that were not 

temporally correlated with MPE events, and slightly broaden the signatures of features that 

were temporally correlated with them.  

Second, and of more relevance for IMF Bz variations, some solar wind plasma monitored

by L1 monitors does not reach the Earth.  The solar wind/IMF plasma has a spaghetti-like 

structure (Borovsky, 2008) that has a transverse scale size relative to the direction of the IMF 

with medians of 45 RE (Richardson and Paularena, 2001) or 70 RE (Borovsky, 2008).  

Consequently, the large halo orbits of these L1 monitors at times place them more than a scale 

size away from the Sun-Earth line.  These factors, coupled with the directional variability of the 

solar wind velocity vector, indicate that the observations on which OMNI data are based do not 

always correspond to the solar wind flux tube(s) that impinge on Earth’s magnetosphere.  

Walsh et al. (2019) and Bier et al. (2014) showed examples during which the measured IMF 
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orientation was significantly different at Wind and ACE, and Bier et al. (2014) and Wang et al. 

(2016) showed better correlations between magnetospheric phenomena (Pc3-4 waves and 

poleward moving aurora forms, respectively) and IMF measurements from near-Earth solar 

wind monitors such as THEMIS, Geotail, and Cluster than those measured and time-shifted from

the L1 region by Wind and/or ACE.  it is thus possible that the small number of intervals of 

positive IMF Bz identified in our superposed epoch analysis near and shortly before the time of 

MPEs may be examples of such cases.  

Several observational studies have concluded that substorms are often associated with 

strong localized magnetic perturbations (Viljanen et al., 2006, Pulkkinen et al., 2003, 2015, 

Ngwira et al., 2015, 2018).  Our results concur, to the extent that the majority of MPEs in both 

MLT ranges (64 and 66%) in our data set occurred within 30 min of a substorm onset (category 

A), and on average these MPEs occurred close to the times of minima in SML (and by inference 

close to the times of maxima in nighttime westward electrojets).  However, the remaining 34-

36% were much less closely linked to substorms or large-scale electrojets.  Negative IMF Bz 

values also preceded most MPEs that occurred long after the most recent substorm onset, and 

under conditions when the SML index was much less disturbed.  A recent study by Freeman et 

al. (2019) found a similar result:  In data from 3 stations in the UK over two solar cycles (only) 

54–56% of all extreme rate of change values occurred during substorm expansion or recovery 

phases.

The consistency with which substorms might drive MPEs was addressed in paper 3, in a 

comparison of the number of substorm onsets and ≥ 6 nT/s MPE onsets during 2015 and 2017 

between 2330 and 0600 UT (the interval when most of both onsets and MPEs occurred at these

five stations) in order to estimate the percentages of substorm onsets after which no MPE 

occurred within 60 minutes.  These ranged from 75 to 92%, indicating that most substorms 

were not associated with any large MPEs.  Ngwira et al. (2018) came to a similar conclusion:  

only a small fraction of substorms typically lead to extreme geomagnetic fluctuations.  We 

conclude that neither the occurrence of a substorm nor of a drop and rise in IMF Bz (based on 

the OMNI data set) can provide accurate temporal predictions of all MPE occurrences. 
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The medians of several other upstream parameters, such as the IMF magnitude, solar 

wind pressure, and velocity, showed little or no temporal variations during the 8 hours before, 

during, or after MPE occurrence, even though some individual traces were quite large and/or 

variable.  Of these four parameters, the lack of temporal correlation with Psw may seem to be 

the most surprising, for two reasons.  First, there is a well-documented association between 

interplanetary shocks and sudden impulses (large transient changes in geomagnetic fields on 

the dayside) and consequent large changes in geomagnetic fields (Araki, 1994; Villante and 

Piersanti, 2012; Oliveira and Raeder, 2015).  However, dayside MPEs, which are often 

associated with sudden impulses stimulated by large solar wind-induced magnetospheric 

compressions, were not included in our database.   As was noted in paper 3, the nighttime MPE 

occurrences at each station were compared with the list of interplanetary shocks compiled by 

Oliveira et al. (2018) in order to identify externally triggered events.  Only one nighttime MPE event 

coincided with a shock event within 30 minutes, and was removed from our database.  The 

occurrence of EMIC waves also correlates strongly with increases in Psw (e.g., Anderson and 

Hamilton, 1993; Usanova et al., 2012; Tetrick et al., 2017) and Psw has thus been used to 

parameterize EMIC wave occurrence in the VERB model (Drozdov et al., 2020).  Superposed 

epoch analyses by Tetrick et al. (2017) showed that even nightside EMIC wave occurrences 

tended to follow increases in Psw, consistent with event studies by Meurant et al. (2003), Lee et

al. (2005, 2007), Zhang et al. (2005, 2008), and Søraas et al. (2013).  We speculate that the 

reason that nightside EMIC waves can be triggered by increases in Psw while nightside MPEs 

are not is that MPEs are in some way triggered not in the inner magnetosphere but in the 

magnetotail.   

Our superposed epoch analyses of the global SML, SMU, and SYM/H indices have also 

shown complex temporal relationships to MPE occurrences that in several cases have been 

anticipated in earlier studies.  In a majority of category A events (occurring within 30 min 

following a substorm onset) minima in SML events coincided within a few min with MPE 

occurrences (Figures 15 and 16).  This may imply either that (a) the current system that causes 

most premidnight MPEs is the substorm-related westward auroral electrojet, or (b) the process 

that causes premidnight MPEs tends to occur near the peak of substorm intensity.  However, 
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for category B premidnight events there was a time delay of ~30 min between less well-defined 

median and 25th and 75th percentile minima in SML and the time of MPE occurrence, and for 

category C events the medians and 25th and 75th percentiles of SML were nearly flat at CDR and 

SALU, and their minima in SML at KJPK were weak and occurred even earlier relative to t = 0.  

Thus our grouping of MPEs into categories A, B, and C has both suggested not only a strong 

connection between SML (and the westward electrojet) for events occurring within 30 min of 

substorm onset, but also little or no close temporal connection between SML and the smaller 

number of MPEs in categories B and C.  

Two recent studies (Huttunen et al., 2002; Pulkkinen et al., 2003) of GIC events that 

occurred during the April 6-7 2000 magnetic storm came to conclusions consistent with these 

patterns:  although most of the peak GIC events during the storm were clearly related to 

substorm intensifications, there were no common characteristics discernible in substorm 

behavior that could be associated with all the GIC peaks.  In particular, both very localized 

ionospheric current structures (extremely localized and short-lived electrojet activations) and 

relatively large-scale propagating structures were observed during the peaks in GIC.  

Another feature of interest in panels A1-A6 of Figure 15 is the wide range of minima in 

SML near t = 0 for category A events, from below -1600 nT to -100 nT, even though all of the 

MPEs included in these panels had large (≥6 nT/s) derivatives.  Several earlier studies (e.g., 

Viljanen, 1997; Viljanen et al., 2006; and Engebretson et al., 2019a) reported a similar lack of 

good correlation between ΔB and dB/dt amplitudes during large MPEs.   This lack can be 

attributed to two characteristics of the observed MPEs:  their short duration relative to the full 

ΔB excursion, and their greater variability in direction.  

The significantly larger range in SML values for postmidnight events than for 

premidnight events in all three time delay categories (also shown in Figure 15) is more difficult 

to understand.  As Engebretson et al. (2020) suggested in regard to the MPEs associated with 

an interval of omega bands, it is possible that two separate and highly localized magnetotail-

magnetosphere-ionosphere coupling mechanisms may be responsible for generating the large, 

rapid geomagnetic perturbations that generate premidnight and postmidnight GICs, 

respectively. 
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Finally, a wide range of SYM/H values appeared in the individual traces at each station 

before, during, and after premidnight MPEs, but their median values were nearly flat and 

consistent with quiet or moderate nonstorm conditions (near -20 nT at 4 stations and near -30 

nT at KJPK, the latter presumably related to conditions when a more expanded auroral oval was

overhead).  These observations are consistent with the results shown in Figure 5 of paper 3:  

although the probability of MPE occurrence for a given range of SYM/H was higher for more 

negative values, at all 5 stations the total number of MPE occurrences peaked during quiet 

conditions (SYM/H between -20 and -30 nT).  Only for postmidnight MPEs was a negative trend 

observed before t = 0; the mechanisms contributing to this trend are currently unknown.  

In regard to the use of geomagnetic indices in general, Kozyreva et al. (2018) noted that 

the location and timing of large |dBH/dt| events were not well predicted by geomagnetic index 

statistics, and Dimmock et al. (2019) noted in their detailed study of magnetic perturbations 

and GICs during 7 and 8 September 2017 that the peak GIC did not occur during the intervals of 

the largest depression in the Dst index or of any clear upstream trigger.  They noted that 

unusually large GIC amplitudes could be associated with westward and eastward electrojets, 

but also that the fine structures of geomagnetic variations which drive GICs are extremely 

difficult to predict, and further that global geomagnetic indices are not ideal metrics to 

determine the occurrence or amplitude of GICs.  

In summary, the detailed observations presented here provide further evidence of the 

difficulty in accurately predicting the occurrence of all MPEs and their associated GICs, to say 

nothing of their specific locations, using observations of external parameters (IMF and solar 

wind) or global magnetic activity indices.  Pulkkinen et al. (2006) reached an even stronger 

conclusion:  although the likelihood of large amplitude fluctuations certainly increases during 

times of overall geomagnetic activity, “the temporal behavior of the time derivative of the 

ground magnetic field may not be predictable in a deterministic sense.”  

Many studies have suggested that mesoscale or small-scale structures in the 

magnetotail such as bursty bulk flows and dipolarizing flux bundles are closely related to the 

localized auroral structures associated with many MPEs, but to our knowledge only very recent 

studies by Nishimura et al. (2020) and Wei et al. (2021) have provided evidence of such 
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relations.  It is hoped that future multispacecraft and multimission observational studies will be 

able to determine whether such a relationship exists, and if so, whether such observations will 

be able to provide a predictive capability for all or nearly all MPEs and their associated GICs.  
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Table 1.  Locations of the magnetometer stations used in this study.  Geographic and corrected 
geomagnetic (CGM) latitude and longitude are shown, as well as the universal time (UT) of local
magnetic noon and the sampling rate.  
______________________________________________________________________________
Array Station             Code    Geog.    Geog.   CGM    CGM    UT of Mag           Sampling

               lat.        lon.       lat.        lon.        Noon     Rate (Hz)
______________________________________________________________________________
MACCS Repulse Bay RBY     66.5°    273.8°   75.2°    -12.8°       17:47           2.0
 Cape Dorset  CDR     64.2°    283.4°   72.7°       3.0°       16:58           2.0
CANMOS     Iqaluit           IQA      63.8°    291.5°   71.4°     15.1°       16:19            1.0
AUTUMNX  Salluit          SALU   62.2°    284.3°   70.7°       4.1°       16:54           2.0

Kuujuarapik KJPK    55.3°   282.2°    64.7°       0.2°       17.06           2.0 
______________________________________________________________________________
Note:  CGM coordinates were calculated for epoch 2015, using 
http://sdnet.thayer.dartmouth.edu/aacgm/aacgm_calc.php#AACGM .

Table 2.  Distribution of “pre- and postmidnight” ≥ 6 nT/s MPEs at each station as a function of 
time between the most recent substorm onset and event occurrence.  “Premidnight” MPEs 
include those observed between 1700 and 0100 MLT, and “postmidnight” events those 
between 0200 and 0700 MLT.  

“Premidnight”
Station                                   RBY                             CDR                           IQA                           SALU           KJPK_  
                                                #      %                   #      %                   #      %                   #      %                 #      %  
Δtso ≤ 30 min 47     59 105     70 105     64 145     66 43     56
30 < Δtso  < 60 min 19     24   28     19   26     16   38     17 15     19
Δtso  ≥ 60 min 13     16   18     12   32     20   39     18 19     25
Sum 79   151 163   221  77

      Combined:      Δtso ≤ 30 min:  64%    30 < Δtso  <60 min:  18%       Δtso ≥ 60 min:  17%

“Postmidnight”
Station                                   RBY                          CDR                           IQA                           SALU            KJPK_  
                                               #      %                         #      %                   #      %                   #      %                  #      %  
Δtso ≤ 30 min   3     75      5     56     7     70  18     56           31     74
30 < Δtso  < 60 min  1     25       3     33      3     30    7     22   5     12
Δtso  ≥ 60 min    0       0      1     11     0       0     7     22   6     14
Sum  4              9    10   32 42

      Combined:      Δtso ≤ 30 min:  66%,    30 < Δtso  <60 min:  20%,      Δtso ≥ 60 min:  14%
_________________________________________________________________________
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Figures

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

longitude lines in geomagnetic coordinates are shown.
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Figure 2.  Plot of the amplitude of the maximum |dB/dt| value in any nighttime MPE 

component observed at each station as a function of its delay Δtso after the most recent 

substorm onset:  a) Repulse Bay, b) Cape Dorset, c) Iqaluit, d) Salluit, and e) Kuujuarapik.  Only 

events with maximum derivative amplitude ≥ 6 nT/s are shown.  The horizontal dotted line 

indicates an amplitude of 12 nT/s (from Engebretson et al., 2021).
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Figure 3.  Panel a shows the number of occurrences of ≥ 6 nT/s nighttime MPEs observed at 

Repulse Bay, Cape Dorset, Iqaluit, Salluit, and Kuujuarapik in 1-hour bins of magnetic local time 

(MLT) from 17 h to 07 h, sorted by each station’s magnetic latitude.  The vertical scale is 

different for each station.  Panel b shows the distribution of MPE derivative amplitude at these 

same stations, with a uniform vertical scale.  Different symbols are used to designate events 

based on the time of MPE occurrence after the closest prior substorm onset:  plus signs for Δtso 

≤ 30 min, open squares for Δtso between 30 and 60 min, and open triangles for Δtso ≥ 60 min 

(from Engebretson et al., 2021).  
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Figure 4.  Superposed epoch plots of the medians of solar wind pressure Psw as a function of 

time from 4 hours before to 4 hours after the time of MPEs.  Premidnight panels a1-a5, b1-b5, 

and c1-c5 show medians for each of the 5 stations in the three Δtso time delay ranges A, B, and 

C.  Postmidnight panels a6-a7, b6-b7, and c6-c7 show corresponding medians for the two 

lowest latitude stations. Note the change of vertical scale for postmidnight events.  
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Figure 5.  Superposed epoch plots of all events (black traces) and the median (yellow trace) of 

solar wind pressure Psw as a function of time from 4 hours before to 4 hours after the time of 

premidnight MPEs in time delay range A from (a) Cape Dorset and (b) Kuujuarapik.  
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Figure 6.  Superposed epoch plots of the medians of solar wind number density Nsw as a 

function of time from 4 hours before to 4 hours after the time of MPEs, as in Figure 4.  
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Figure 7.  Superposed epoch plots of all events (black traces) and the median (yellow trace) of 

solar wind number density Nsw as a function of time from 4 hours before to 4 hours after the 

time of premidnight MPEs in time delay range A from (a) Cape Dorset and (b) Kuujuarapik.  
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Figure 8.  Superposed epoch plots of the medians of solar wind speed Vsw as a function of time 

from 4 hours before to 4 hours after the time of MPEs, as in Figure 4.  
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Figure 9.  Superposed epoch plots of all events (black traces) and the median (yellow trace) of 

solar wind speed Vsw as a function of time from 4 hours before to 4 hours after the time of 

premidnight MPEs in time delay range A from (a) Cape Dorset and (b) Kuujuarapik.  
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Figure 10.  Superposed epoch plots of the medians of the north-south component of the 

interplanetary magnetic field (IMF Bz) as a function of time from 4 hours before to 4 hours after

the time of MPEs, as in Figure 4.  
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Figure 11.  Superposed epoch plots of all IMF Bz traces (black), the median (yellow), and the 

25th and 75th percentiles (red) as a function of time from 4 hours before to 4 hours after the 

time of premidnight MPEs in all available time delay and MLT categories observed at Cape 

Dorset.  No medians or percentile traces are shown when the number of events ≤ 6.  

45

1061

1062

1063

1064

1065

1066

1067



Figure 12.  Superposed epoch plots of all IMF Bz traces (black), the median (yellow), and the 

25th and 75th percentiles (red) as a function of time from 4 hours before to 4 hours after the 

time of premidnight MPEs in all available time delay and MLT categories observed at Salluit.  No

medians or percentile traces are shown when the number of events ≤ 6.  
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Figure 13.  Superposed epoch plots of all IMF Bx (panel a) and By (panel b) values (black traces),

the median (yellow traces), and the 25th and 75th percentiles (red traces) as a function of time 

from 4 hours before to 4 hours after the time of premidnight category A MPEs observed at 

Cape Dorset. 

Figure 14.  Superposed epoch plots of all IMF |B| values (black traces), the median (yellow 

traces), and the 25th and 75th percentiles (red traces) as a function of time from 4 hours before 

to 4 hours after the time of premidnight category A MPEs observed at (a) Cape Dorset and (b) 

Kuujuarapik.
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Figure 15.  Superposed epoch plots of all SML index values (black traces), the median (yellow 

traces), and the 25th and 75th percentiles (red traces) as a function of epoch time in all six MLT 

and Δtso categories of MPEs observed at Cape Dorset, Salluit, and Kuujuarapik.  
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Figure 16.  Plot of the relative time between SML minima and MPE occurrences for premidnight

category A MPEs observed at (a) Cape Dorset and (b) Kuujuarapik during 2015 and 2017.  Bars 

to the left of -15 indicate the number of events between -30 and -16 minutes, and bars to the 

right of +15 indicate the number of events between +16 and +30 minutes.   
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Figure 17.  Superposed epoch plots of all SMU index values (black traces), the median (yellow 

traces), and the 25th and 75th percentiles (red traces) as a function of epoch time in all six MLT 

and Δtso categories of MPEs observed at Cape Dorset, Salluit, and Kuujuarapik.  
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Figure 18.  Superposed epoch plots of all SYM/H index values (black traces), the median (yellow 

traces), and the 25th and 75th percentiles (red traces) as a function of time from 4 hours before 

to 4 hours after the time of premidnight category A MPEs observed at (a) Cape Dorset and (b) 

Kuujuarapik.  
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Figure S1.  Superposed epoch plots of the medians of the Bx component of the IMF as a 
function of time from 4 hours before to 4 hours after the time of MPEs, as in Figure 4.   
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Figure S2.  Superposed epoch plots of the medians of the By component of the IMF as a 
function of time from 4 hours before to 4 hours after the time of MPEs, as in Figure 4.   
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Figure S3.  Superposed epoch plots of the medians of the component (in the GSM 
coordinate system) of the interplanetary magnetic field in the ecliptic plane for all six MLT 
and time delay categories, as a function of time from 4 hours before to 4 hours after the 
time of MPEs, as in Figure 4.  As is indicated in the legend in the upper left panel, positive 
GSM Bx is upward, and positive GSM By is toward the left.  
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Figure S4.  Superposed epoch plots of the medians of the magnitude of the interplanetary 
magnetic field |B| for all six MLT and time delay categories, as a function of time from 4 
hours before to 4 hours after the time of MPEs, as in Figure 4. 
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Figure S5.  Superposed epoch plots of the medians of the SYM/H index for all six MLT and 
time delay categories, as a function of time from 4 hours before to 4 hours after the time 
of MPEs, as in Figure 4.   
 
 
 

 
 
 

 
 


	Welling, D. T., Love, J. J., Rigler, E. J., Oliveira, D. M., Komar, C. M., and Morley, S. K. (2020),
	Numerical simulations of the geospace response to the arrival of an idealized perfect
	interplanetary coronal mass ejection, Space Weather, 18, doi:10.1029/2020SW002489
	Contents of this file

