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Abstract Forecasting geomagnetically induced currents (GICs) remains a difficult challenge, and open
questions hindering our understanding include when and where GICs become large and what magnetospheric
and ionospheric processes are responsible. This paper addresses these questions by determining the auroral
drivers of large dB/dt (>100 nT/min, a proxy for GICs) on the ground during geomagnetic storms. We

study auroras because, although the current system driving dB/dt is at times challenging to reconstruct, the
accompanying auroras are routinely measured in high resolution. For various types of auroras, our community
has already acquired a deep understanding of the driving mechanisms and spatiotemporal characteristics. Using
coordinated observations from THEMIS and Geophysical Institute Magnetometer Array magnetometers and
THEMIS all-sky imagers, we statistically examine large dB /dt intervals during storms from 2015 to 2016. A
variety of auroral drivers have been identified, including poleward expanding auroral bulges, auroral streamers,
poleward boundary intensifications, omega bands, pulsating auroras, etc. The onset, spatial variability, and
duration of large dB/dt are well explained by those of the auroras. For example, poleward expanding auroral
bulges drive large dB/dt that spread progressively poleward, and periodic injections of streamers drive large dB/
dt that occur in periodic bursts. By referring to the magnetospheric source of the auroras, the magnetospheric
source of large dB/dt can be inferred, whether it be dipolarization of the tail magnetic field, bursty bulk flows,
instability, or wave-particle interaction. Our results suggest that auroras can exert significant leverage on GIC
research and forecast.

Plain Language Summary One of the most significant space weather effects is geomagnetically
induced currents (GICs), yet knowledge of when and where GICs become large and what magnetospheric and
ionospheric processes are responsible is limited. One promising way to create a breakthrough is to establish
the relation between GICs and auroras. This is because the high-latitude current system driving GICs is
accompanied by auroras, and auroras are routinely measured in high resolution. For various types of auroras,
our community has already acquired a deep understanding of the driving mechanisms and spatiotemporal
characteristics. This paper therefore examines the auroral drivers of large dB/dt (>100 nT/min, a proxy for
GICs) on the ground during geomagnetic storms. A variety of auroral drivers have been identified, including
poleward expanding auroral bulges, auroral streamers, poleward boundary intensifications, omega bands,
pulsating auroras, etc. The spatial and temporal characteristics of large dB/dt are similar to those of the auroras,
and the similarity has important applications because the challenge in determining the spatial variability, onset,
and duration of large dB /dt can be alleviated by referring to auroras. The magnetospheric source of dB/dt

can also be inferred. Our results therefore suggest that auroras can exert significant leverage on GIC research
and forecast.

1. Introduction

Society is becoming increasingly vulnerable to space weather disturbances, and one of the most significant space
weather effects is geomagnetically induced currents (GICs) that flow in electric power grids, pipelines, railways,
and communication cables. The severity of a GIC event for an electric utility depends on two sets of factors. One
set is the surface horizontal geoelectric field, which is related to the rate-of-change of the horizontal component
of the geomagnetic field (dB/dt) that is often measured in nanotesla per minute (nT/min) or nanotesla per second
(nT/s). The other set is the type of equipment used and the way in which it is deployed (including the orientation
of the transmission lines, their length, the electrical DC resistance of the transmission conductors and transformer
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windings, the transformer type and mode of connection; and the method of station grounding and resistance
(Molinski, 2002)). We mainly focus on dB/dt in the current paper because large dB/dt can develop and propagate »
rapidly, simultaneously expose large geographic areas, and have been acknowledged as an important indicator for
a potential GIC hazard. It is also readily observable with useful spatial coverage.
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Extreme dB/dt values exceeding 2,000 nT/min have been observed in association with intense GICs, yet rela-
tively low levels of disturbance, such as at 100 nT/min, are sufficient to cause adverse socioeconomic impacts<
(Kappenman, 2006). For example, the Hydro-Quebec blackout during the March 1989 storm was triggered by E'
dB/dt with a peak intensity of 479 nT/min (~8 nT/s) (Fiori et al., 2014; Kappenman et al., 2000). The regional;
power grid blackout in Malmo, Sweden during the 2003 Halloween storm was associated with dB/dt with a peak
intensity of 308 nT/min (~5 nT/s) (Kappenman, 2005). Disturbances of ~60 nT/min (1 nT/s) have driven GICs
of several amperes or larger in the Finnish high-voltage power system (Viljanen, 1997), and GICs of this inten-
sity are alarming as they can put certain types of transformers out of the linear mode (Vakhnina et al., 2015).
Two commonly used thresholds for high-risk dB/dt are 1.5 nT/s (Pulkkinen et al., 2011, 2013) and 5 nT/s
(Molinski, 2002; Molinski et al., 2000). Lower thresholds, such as 60 nT/min (1 nT/s), have also been used (for
example, Viljanen & Tanskanen, 2011; Viljanen et al., 2001).
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Despite that GICs have been studied for decades, outstanding open questions remain concerning where and<
when they occur and their physical driver. Climatically, the rate-of-change of the north-south component of the =
geomagnetic field (dB,/dt) maximizes in the pre-midnight and prenoon sectors (Juusola et al., 2015; Weigel =
et al., 2002, 2003), the maxima being located at the night- and dayside ends of the average westward electrojet,
respectively. The pre-midnight maximum is most intense during southward IMF orientation, and the morning
maximum is most intense during fast solar wind speed and radial IMF orientation (Juusola et al., 2015). A simi-
lar double-peak pattern is also found when studying the occurrence of large dB/dt only, large being defined as
>60 nT/min in Viljanen et al. (2001) and Viljanen and Tanskanen (2011), >360 nT/min in McCuen et al. (2021),
and >500 nT/min in Schillings et al. (2021). The direction of these large dB/dt vectors is primarily north-south
in the pre-midnight sector, whereas it becomes much more scattered and even prefers an east-west orientation
in the morning sector. The pre-midnight dB/dt is possibly due to sudden intensification of the west- or eastward
electrojet in association with substorms, and the morning dB/dt due to localized and rapidly changing current
structures generated by ULF pulsations associated with the Kelvin-Helmholtz instability (Weigel et al., 2003), org
with the foreshock and quasi-parallel region of the bow shock (Juusola et al., 2015). However, it is noteworthy to
mention that the above climatical morphology may not represent dB/dt activity in individual events. The exact
location and time of large dB/dt differ from event to event, and the number of large dB/dt spikes is not necessarily &
correlated with the intensity of a storm defined by planetary indices such as Dst or AE (Schillings et al., 2021).
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What is not reflected in the climatical morphology is the localized nature of GICs and associated geoelectric
field and dB/dt. Pulkkinen et al. (2015) reported that the geoelectric field at one site could be five times larger
than at nearby sites at only about 240 and 280 km distance, manifesting as extremely localized peaks. Ngwira
et al. (2015, 2018) found that these extremes can occur over a wide range of latitudes (50°-85° MLAT) and local
times, and that some of them follow the poleward edge of the poleward expanding aurora. Similarly, Engebretson,
Pilipenko, et al. (2019) reported that the statistical distribution of large dB/dt shows a ~275 km effective radius,
beyond which the dB/dt amplitude drops in half. Engebretson et al. (2020) further characterized the half-amplitude
falloff distances separately in the latitudinal and longitudinal directions, the former being 106-204 km, and latter§
being 262—446 km. Dimitrakoudis et al. (2022) determined the vector correlation lengths of dB/dt and found
that in the auroral oval a separation of ~200 km is needed to capture the spatial variability of dB/dt. However,
equatorward of the auroral oval, the correlation remains comparatively high for distances >400 km. Dimmock =
et al. (2020) revealed that the regional (~500 km) dB/dt variability tends to increase with geomagnetic indices,
the southward component of the IMF, and the solar wind speed, although these dependencies have considerable
data scatter.
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The localized nature of dB/dt remains a challenge in GIC research and forecast, and as suggested by Ngwirar—
et al. (2018), the localization most likely results from the mapping of certain magnetosphere disturbances to§
the ionosphere. Although preliminary, progress has been made in specifying those magnetosphere disturbances. §
For example, Engebretson, Steinmetz, et al. (2019) studied intervals of nighttime magnetic perturbations and
found that they are associated with the substorm poleward expanding auroral bulge and its westward traveling
surge. The expanding auroral bulge is the ionospheric segment of the substorm current wedge (SCW). It maps
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Table 1 to a tailward and azimuthal expansion of the dipolarized region in the 1nner§
Geographic and Altitude Adjusted Corrected Geomagnetic Coordinates magnetosphere that is formed in association with flow bursts transportlngg
Locations of the Geophysical Institute Magnetometer Array Magnetometers magnetic flux from the reconnection site to the near-Earth region (Kepko§
Utilized in the Study et al., 2015 and references therein). Similarly, Weygand (2021) discovered 5
Ground magnetometer ~GLAT (°) GLON (°) MLAT (°) MLON (°) that dB/dt suddenly increases at the auroral onset time and expands west- %
INUV 68.4 _13338 716 _837 ward, eastward, and poleward throughout the substorm expansion phase. The 3
dB/dt gradually returns to pre-substorm levels during the recovery phase,=

KAKO 70.1 —143.7 71.2 -93.2 =
and the peak shifts westward and poleward. On the other hand, Apatenkovg

AN eole —i5 s = et al. (2020) found that the largest ever recorded GICs at the northernmostQ
EAGL 64.3 —-141.2 66.3 —86.7 Vykhodnoy transformer were associated with wave-like auroral structures%
POKR 65.1 —-147.4 65.5 -92.5 with shapes resembling the Greek letter €, that is, omega bands (Akasofug
CIGO 64.9 1479 65.2 —92.8 & Kimball, 1964). Engebretson et al. (2020) also reported that omega bands£
KIAN 67.0 _1604 65.4 —1045 are responsible for driving hemispherically conjugate magnetic perturbatlons?_
that drift eastward at ~1.3 km/s in the post-midnight sector. Often occur-o

WHIT 61.0 -135.2 63.6 —78.8 L . . S
ring in the morning sector of the auroral oval, omega bands drift eastwardg

TRAP 622 -150.4 62.0 —935 at speeds of 0.4-2 km/s (Mravlag et al., 1991; Opgenoorth et al., 1983;3
=]

MCGR 63.0 -155.6 61.9 —983 Yamamoto et al., 1993). Although the exact generation mechanism is under®

debate (see references in Liu et al. (2018)), the most popular mechanisms are S

the Kelvin-Helmbholtz instability driven by the flow shear between flows in =¥
the plasma sheet and the low-latitude boundary layer (Connors & Rostoker, 1993; Rostoker & Samson, 1984), and
the shear associated with high-speed earthward flows injected into the inner magnetosphere (Henderson, 2012,
Partamies et al., 2017; Weygand et al., 2015) or dawnward flows resulting from the diversion of the earthwar
flows (Liu et al., 2018, 2020; Weygand et al., 2022).
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However, the expanding auroral bulge and omega band are not the only types of magnetotail disturbances, nor are
they the only auroral forms capable of driving large dB/dt. Weygand (2021) found that a sudden brightening and
distortion of auroral arcs can produce large rapid changes in the magnetic field of hundreds of nT. The current
paper aims to systematically investigate the nighttime auroral drivers of large dB/dt. We study auroras because,
although the magnetosphere-ionosphere current system that drives large dB/dt is challenging to reconstruct,
the accompanying auroras are routinely measured in high resolution and over wide regions. Furthermore, for®
various types of auroras, our community has already acquired a fairly deep understanding of the spatiotemporal
characteristics and the driving mechanisms. As seen in Sections 3 and 4, our results show that large dB/dt can
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occur in close association with poleward expanding auroral bulges (including the westward traveling surges),
auroral streamers, poleward boundary intensifications, omega bands, and pulsating auroras. By establishing the
relation between auroras and large dB/dt, the fruitful progress in auroral research and forecast can be applied tog
the aforementioned outstanding challenges for understanding where and when large dB/dt occurs and its physical 2
driver, and can hence be used to improve the accuracy and timeliness of GIC forecasting. Note that although we
refer to auroras as drivers of large dB/dt, it is the aurora-associated electric currents which originate from the

magnetosphere that physically drive dB/dt.
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It is worth mentioning that although the drivers of localized GICs or large dB/dt have not been thoroughly iden-

tified, the geomagnetic conditions that favor their occurrence have been extensively documented. They haveS
been shown to occur during the arrival of interplanetary shocks at the magnetosphere (for example, Belakhovsky
et al., 2017; Fiori et al., 2014; Oliveira et al., 2018; Zhang et al., 2015), storms (for example, Carter et al., 2016;

Dimmock et al., 2019; Kappenman, 2005; Kozyreva et al., 2018; Pulkkinen et al., 2003, 2005), substorms (for
example, Engebretson, Pilipenko, et al., 2019; Engebretson, Steinmetz, et al., 2019b; Freeman et al., 2019;

Viljanen et al., 2006; Weygand, 2021), and geomagnetic pulsations (Belakhovsky et al., 2019; Heyns et al., 2021; 3

Yagova et al., 2021). The geomagnetic condition of our interest is storms, and the investigation of the auroral
drivers during other geomagnetic conditions is deferred to future studies.

2. Data Set

The coordinated measurements of auroras and dB/dt are obtained from THEMIS All-Sky Imagers (ASIs),
THEMIS Ground Magnetometers (GMAGs), and Geophysical Institute Magnetometer Array (GIMA). Tables 1
and 2 list the magnetometer and ASI stations utilized in the current study and their geographic and geomagnetic
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Table 2 locations. We primarily focus on the Alaskan region due to the denseg
Geographic and Altitude Adjusted Corrected Geomagnetic Coordinates magnetometer coverage at a resolution up to a few hundred km between latl-g
Locations of the THEMIS All-Sky Imagers Utilized in the Study tudes 60° and 72° MLAT, which permits identification of spatial var1ab111ty§
THEMIS ASI GLAT (°) GLON (°) MLAT (°) MLON (°) of dB/dt in the auroral zone. The physical relation between large dB/dt and%
auroral drivers revealed from the Alaskan sector should have wide applicabil- =
INUV 68.4 —133.8 71.3 -82.2 g
ity to the other parts of the auroral oval. The Alaskan magnetometers have a®
S 66.6 “lhel 67.4 —91.6 temporal resolution of 0.5 and 1 s, capable of capturing small temporal- scale;
KIAN 67.0 -160.4 654 —104.5 features and accurately measuring dB/dt. For consistency, we interpolate allg
WHIT 61.0 —135.2 63.6 —-78.8 magnetometer data linearly to 1 s. Because magneotometers across the worldg
GAKO 62.2 —150.4 62.0 —935 operate at various temporal resolutions, and dB/dt can be sensitive to the3
MCGR 63.0 _155.6 61.9 _983 temporal resolution, we also downsample the 1 s data to 1 min and exam-

ine the extent to which dB/dt is affected. For instance, the magnetometer
data at SuperMAG are often of 1 min cadence (Gjerloev, 2012), and our
down-sampling would reveal the extent to which the 1 min data can capture
the large dB/dt driven by auroras. We use THEMIS ASIs mostly qualitatively to identify various auroral forms,
because the ASIs do not measure auroral brightness in absolute units, such as Rayleighs, and were not des1gned
for quantitative interpretation (Mende et al., 2009). Nevertheless, the ASI white light counts still provide useful
information. For precipitating electrons with an energy >3 keV, the counts are closely proportional to the totalS
precipitated energy (Mende et al., 2009), and initial success have been achieved in converting the counts to red, S
green, and blue intensities in absolute units so as to estimate the precipitating energy flux and average energy
(Gabrielse et al., 2021).

0|1|puoo-pue-stuje1

When computing dB/dt, we use the total horizontal component of the magnetic field, which is obtained as
B = /B2 + B?, whereB, and B, are the measured northward and eastward components of the geomagnetic fleld,
respectively. Large dB/dt events are defined as 10 min intervals where the upper quartile of dB/dt exceeds 100 nT/
min at one or more magnetometers. The purpose of using the upper quartile is to identify high-risk dB/dt that
occur for a significant fraction of time (25% of the 10 min interval). The peak value, on the other hand, is also
important and is computed as the 98 percentile to minimize chances of selecting peculiar peaks that could poten-
tially be due to instrument or random errors. As seen below, the peak value has exceeded 300 nT/min in many
cases, occasionally even 1,000 nT/min.
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Large dB/dt events are selected automatically, where the program extracts and computes the upper quartile of
a 10 min sliding window that slides at a 5 min time step. For each selected interval, we visually inspect auroral 5-
observations to search for auroras that coincide with and have similar spatial and temporal characteristics similar
to, dB/dt. We found that most of the events are driven by one of the following auroras: poleward expanding auro-
ral bulges, auroral streamers, poleward boundary intensifications, omega bands, and pulsating auroras. Repre-

sentative cases demonstrating the connection between dB/dt and these auroras are presented below.
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3. Case Studies
3.1. Poleward Expanding Auroral Bulge
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Figure 1 exemplifies events when large dB/dt (upper quartile >100 nT/min as defined above) is driven by pole-
ward expanding auroral bulges. This category also includes westward traveling surges because the surges are the
western edge of the bulges. Figures 1a and 1b show the SYM-H and AE indices of the storm on 17 March 2015.
The interval of interest, as highlighted in yellow, occurred during the recovery phase of the storm and during a
transition from the growth to the expansion phase of a substorm. Figures 1c—1f show representative 2D snapshots
of the auroral activity and associated dB/dt in AACGM coordinates. Here auroras are color-coded in gray scale,
and dB/dt is represented by the open red circles with a center (marked as the plus sign) at the magnetometer
station and a radius proportional to the dB/dt magnitude (a legend in the upper left corner of Figure 1c). The 3
names of the magnetometer stations are labeled in yellow. Figures 1g—1n present the time evolution of the auroras 5
and the dB/dt's as time series plots, and the measurements from various stations are organized from highest tog
lowest latitudes. @
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Initially, the auroral oval was quiet and expanded gradually equatorward, and the oval was dominated by an
extended east-west auroral arc (Figures 1c and 1h). Variations in the geomagnetic field were small, with dB/dt
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Figure 1. (a-b) SYM-H and AE indices taken from OMNI. The yellow shaded region highlights the interval of our interest. (c—f) Snapshots showing auroras (gray
scale) and dB/dt (red open circles) in the Altitude adjusted corrected geomagnetic coordinates (AACGM). The size of the circle representing 100 nT/min is illustrated
in the top left corner of Figure 1c. (g-h) Time series plots of auroras as measured by the FYKN and MCGR All-Sky Imagers (ASI). (i-n) Time series plots of dB/dt as
measured by KAKO, FYKN, EAGL, POKR, CIGO, and MCGR magnetometers. The magnetometers are organized from high to low latitudes, and their geomagnetic
latitudes are illustrated in Figures 1g and 1h as the horizontal yellow dotted lines. The black curve represents dB/dt computed at 1 s cadence data, and the green curve
represents 1 min cadence data. The magenta arrow illustrates the poleward spreading of large dB/dt.
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being low tens of nT (Figures 1c, 1i—1n). After 0805 UT, the east-west auroral arc intensified, deformed, and
expanded poleward and azimuthally, forming a bulge (Figures 1d-1f, 1g and 1h). Close to the break-up arc, dB/ 3
dt at POKR and CIGO substantially enhanced, reaching a peak value of 228 nT/min at POKR, and 250 nT/min @
at CIGO, whereas poleward or equatorward of the arc, dB/dt remained small (Figures 1d, li—1n). The dB/dtS
enhancement then spread poleward with time together with the bulge, passing EAGL, then FYKN, and finally
KAKO, where the peak value reached 356, 319, 468 nT/min, respectively. By down-sampling the magnetometer
data to 1 min (green curve), although the peak magnitude of dB/dt decreased by several times, the occurrence of
the enhancement in association with the auroral bulge is still discernible. The bulge began to retreat sometime
between 0830 and 0840 UT, yet dB/dt remained elevated due to other ongoing auroral activities, which in the
current case consists of auroral streamers.
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This event demonstrates that the onset, localization, and duration of large dB/dt are all consistent with those of the
poleward expanding auroral bulge. This is expected because the dynamic growth of the auroral bulge implies that
the associated upward field aligned currents (FACs) and horizontal ionospheric currents were varying rapidly. On
the other hand, auroras that are steady or evolve slowly, such as the east-west auroral arc prior to the onset of the

expansion, are not effective in driving large dB/dt. :

3.2. Auroral Streamer

Streamers, also named as north-south segments (Montbriand, 1971), equatorward-diving arcs (Hendersonr—
et al., 1994), north-south auroral forms (Henderson et al., 1994; Nakamura et al., 1993), and auroral fingers (Liu§
& Rostoker, 1993; Rostoker et al., 1987), are structures that originate from intense, transient auroral disturbances @
along the poleward boundary of the nightside auroral oval (i.e., poleward boundary intensifications, PBIs) and

then propagate equatorward. They are auroral manifestations of earthward-moving plasma-bubble-produced flow
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Figure 2. Similar to Figure 1 but showing dB/dt associated with auroral streamers on 3 September 2016. The dark blue line in Figures 2e and 2f mark the magnetic
midnight. The four vertical magenta lines (labeled as 1—4) in Figures 2g—21 mark the four episodes of streamer activity.
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bursts and hence represent effective transport of mass, energy, and magnetic flux from the tail reconnection site
to the near-Earth region (Ferdousi et al., 2021; Lyons et al., 1999; Nakamura et al., 2001; Sergeev et al., 2000
They occur under all geomagnetic conditions, but the bright ones tend to occur during the substorm expansion
and recovery phases.
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Figure 2 presents an example of when large dB/dt was driven by streamers. This event occurred during the
recovery phase of a multiple-dip storm that had the largest dip on 2 September 2016. It was also associated
with a substorm, and a large fraction of the interval occurred during the substorm recovery phase (Figure 2b).
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Unlike the substorm expansion phase, when the bulge is comprised of a multitude of intense active auroral form

making it challenging to isolate the effect of each form on dB/dt, auroral activity during the recovery phase can
be dominated by one or two auroral forms only. For the event under analysis, the auroral activity over the Alaskag
region is dominated by a series of streamers. These streamers emerged quasi-periodically and can be grouped intog.
four episodes as labeled in Figure 2g. The first episode (starting at ~0832 UT) originated from ~69° MLAT andga_
propagated equatorward to 61°. The magnetometers located within this latitude range, TRAP, CIGO, and POKR, &
showed large dB/dt, whereas the INUV station located poleward was only marginally affected. Among TRAP,:-.? S
CIGO, and POKR magnetometers, the dB/dt at the most equatorward TRAP station was smaller than the othergr.;
two (its peak magnitude being 216 nT/min vs. 592 and 571 nT/min), likely because the streamers had faded by(“; N
the time they reached TRAP. The occurrence and spatial variability of dB/dt are also seen in the down-sampled §
1 min data.

2/S

suowuw

The second episode of streamers (starting at ~0846 UT) was similar to the first one except that it penetrated to ar—
lower latitude, below ~61° MLAT. Consistent with the deeper penetration, dB/dt at TRAP intensified, with the§
peak reaching 414 nT/min. The third episode (starting at ~0859 UT) spanned a similar latitude range as the first§
episode, and so did the large dB/dt activity. In Figures 2j and 2k, the onset of the large dB/dt seemed to precede
the streamers by a few minutes, and this was possibly because the streamers in this episode were initially oriented
nearly east-west before rotating north-south (Figure 2e). For an east-west oriented and equatorward drifting arc
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Figure 3. Similar to Figure 1 but showing dB/dt associated with poleward boundary intensifications (PBIs) on 25 October 2016. The vertical magenta line in
Figures 3g—31 marks the onset of intensified PBI activity.
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located in the pre-midnight sector, the horizontal ionospheric currents (both Pedersen and Hall) associated with®
the arc are often concentrated equatorward of the upward FACs (Aikio et al., 2002) and are therefore capable of
affecting the magnetic field at POKR and CIGO before the arrival of the optical signature.

VO

The last episode of the streamers (starting at ~0920 UT) originated from >74° MLAT beyond the ASI FOV, and
the previously quiet INUV station now captured large dB/dt. In fact, the peak of dB/dt reached 831 nT/min. The
large dB/dt then returned to small values as the streamer activity ceased. Therefore, similar to the first event, the
onset, localization, and duration of large dB/dt are consistent with those of auroras, indicating an intimate connec-
tion between large dB/dt and streamers.

3.3. Poleward Boundary Intensification (PBI)

|dde ayy Aq pauianob aie sajonJe

PBIs are intense and transient auroral intensifications at or near the nightside auroral poleward boundary (Lyons
etal., 1999), and at times extend equatorward to lower latitudes inside the auroral oval (Zesta et al., 2002, 2006). »
Equatorward extending ones form auroral streamers, and non-equatorward extending ones appear as a series of @
multiple bead-like intensifications. PBIs have been interpreted as the auroral signature of magnetotail reconnec-
tion based on the observational facts that they are closely correlated with flow bursts in the tail plasma sheet
(Lyons et al., 1999; Zesta et al., 2002, 2006), and that they form in association with a local thickening of the
plasma sheet via the injection of new magnetospheric plasma, likely as the result of a bursty, patchy reconnec-
tion process (Hull et al., 2010). PBIs tend to occur repetitively with a period of ~10 min and during all levels of
geomagnetic activity (Lyons et al., 1998), though they are more frequent following the substorm expansion phase
than during quiet times.
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Figure 3 presents a case where large dB/dt was driven by PBIs. To separate from streamers, we focus on PBIs thatg
do not extend significantly equatorward (<2° MLAT) as occurred for the event in Figure 3. The event occurred
during the main phase of a geomagnetic storm and was not associated with substorm activity (Figures 3a and 3b).
From the beginning of the interval of our interest until 0753 UT, the auroral poleward boundary located around
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Figure 4. Similar to Figure 1 but showing dB/dt associated with omega bands on 10 November 2016. The yellow dashed curves in Figures 4d—4f outline the shape of
omega bands. The magenta arrows in Figures 4g—41 represent the azimuthal propagation of omega bands from one station to the other.
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72° MLAT showed relatively faint and quasi-steady PBIs whose intensity and shape evolved slowly over time
(Figures 3c and 3g). The geomagnetic field at INUV showed variations mainly <100 nT/min, whereas the field &
at stations equatorward of the poleward boundary showed little perturbation (Figures 3i-31). At 0753 UT, a new
series of PBIs initiated. These PBIs were bright and were dynamically changing their shapes while drifting <
eastward (Figures 3d, 3e and 3g), and correspondingly, dB/dt at INUV became enhanced (Figures 3d, 3e and 3i).
With a peak magnitude at 389 nT/min, the enhancement only occurred at INUV locally, where the poleward
boundary was located, and stations located equatorward did not record large dB/dt. As the PBI activity subsided
temporally after 0825 UT, dB/dt at INUV also reduced (Figures 3f and 3i). The occurrence and the localization
of large dB/dt are also evident in the down-sampled 1-min data, similar to the previous two events.
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3.4. Omega Band
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As discussed in the introduction section, omega bands received their names due to the similarity of their shapes3s,
to the Greek letter Q. They often occur in periodic sequences along the poleward boundaries of diffuse auroras
toward the end of the substorm expansion and beginning of the recovery phase (Partamies et al., 2017). The bright
and dark areas of the auroras are associated with east-west orientated pairs of upward and downward FACs that
drift eastward together with the auroras (Opgenoorth et al., 1983).

Figure 4 shows a representative event where large dB/dt was driven by omega bands in the post-midnight sector
(the first three events all took place in the pre-midnight sector). This event occurred during the main phase of the
storm on 10 October 2016, and was associated with a quasi-steadily enhanced AE, which is a signature of steady S
magnetospheric convection (Kissinger et al., 2011; Figures 4a and 4b). Because of the eastward drifting motion —
of omega bands, we present magnetometers that are distributed along the east-west direction as opposed to the§
north-south direction in previous events. Before 1140 UT, the oval was dominated by an east-west aligned auroral §
arc with small bumps that drifted eastward toward the morning sector (Figure 4c). The bumps expanded gradually
poleward as they drifted, reached a maximum around the longitudes of the POKR and CIGO magnetometers, and
dissipated by the time reaching the WHIT magnetometer. Although the arc was overall located equatorward of
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OU ET AL.

suonipuo) pue SLU-IG_L ay1 235 *[£202/50/0€] U0 A1eaqi auljuo Asjim ‘sieusnor NOY Ag "LZLEOOMSZZ0Z/6Z0L 0L/1op/wod Asjim Aielqgijauluo’sqndnbe//:sdiy Woiy papeojumod ‘LL ‘2202 '06ELZVSL

8of 19



~u
A\J 1

ADVANCING EARTH
AND SPACE SCIENCE

Space Weather 10.1029/2022SW003121

the KIAN, POKR, and CIGO magnetometers, modestly enhanced dB/dt (the peak being 84 nT/min at POKR and
104 nT/min at CIGO driven by the first bump, and being 153 nT/min at POKR and 150 nT/min at CIGO by thea
second bump) occurred when those small bumps passed the magnetometers (Figures 4i—4k).

At 1140 UT, a streamer extended into the FOV of the KIAN ASI toward the pre-existing east-west aligned arc, and
the previously small bumps quickly expanded in size, acquiring a torch form (Figures 4g and 4h). A similar asso-
ciation between streamers and omega bands have been reported in Henderson (2012) and Weygand et al. (2015),<
where streamers are regarded as one prominent mechanism that contributes to the generation of omega bands (see =:
introduction). The large torch is our main focus in this event, and as it drifted eastward, large dB/dt first initiated
at the KIAN magnetometer at around 1147 UT, and then POKR and CIGO around 1153 UT (in Figures 4i—4k
the large dB/dt spike centered at 1143 UT at KIAN and 1147 UT at POKR and CIGO are possibly driven by the
streamer). The peak magnitude at these three stations was 179, 222, and 205 nT/min, respectively. Such large dB/
dt did not occur at the easternmost station at WHIT because the torch had dissipated when reaching WHIT, an
the dissipated structure was positioned poleward of the WHIT station (Figure 41). In the absence of succeedin,
streamers impinging upon the pre-existing east-west aligned arc, omega bands following the large torch decrease
substantially in sizes (Figures 4f—4h). Correspondingly, dB/dt returned to its initial variation level (Figures 4i—41).
The omega band-related large dB/dt is discernible in the down-sampled 1 min magnetometer data.
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3.5. Pulsating Aurora

Pulsating auroras (PAs) are faint diffuse auroras consisted of east-west elongated or irregularly shaped patches
that have a horizontal scale of 10-200 km and switch on and off with periods from a few to tens of seconds
(Lessard, 2012; Royrvik & Davis, 1977; Yamamoto, 1988). They are predominantly observed after magnenc
midnight, during the recovery phase of substorms, and at the equatorward boundary of the auroral oval. They are
produced by precipitating energetic electrons originating from the modulation of magnetospheric electrons by
wave-particle interactions (Fukizawa et al., 2018; Kasahara et al., 2018; Nishimura, Bortnik, et al., 2010, 2011).
The candidate waves are lower-band chorus (LBC) (Kasahara et al., 2018; Nishimura, Bortnik, et al., 2010;
Nishimura, Lyons, et al., 2010; Nishimura et al., 2011) and electrostatic electron cyclotron harmonic (ECH
waves (Fukizawa et al., 2018).

Although PAs are not produced by precipitating electrons accelerated by a field-aligned potential drop as discrete’-
auroras do, they turn out to be effective in modulating the Earth's surface geomagnetic field and driving large dB/
dt. Figure 5 presents one such event. This event occurred during the storm recovery phase and was also dominated =
by the recovery phase of a substorm (Figures 5a and 5b). When Alaska rotated to the midnight and post-midnight @
sectors, PA had already commenced and persisted for several hours. We focus on an interval toward the end of 2
the PA activity to show dB/dt before and after the declination of the activity. During 1420 and 1500 UT, PAse
can be identified as faint patches in the snapshots (Figures Sc—5e) and intermittent short vertical stripes in the g
keogram (Figures 5g and 5h). They were prominent at 64°—67° MLAT at the KIAN ASI and occupied a wider
region at GAKO ASI with the poleward edge extending toward the edge of the GAKO FOV. Driven by PAs, dB/
dt was large, with peak values being 228, 181, and 165 nT/min in the KIAN, POKR, and CIGO magnetome-
ters (Figures 5i—5k). The large dB/dt exhibited a characteristic high-frequency fluctuating pattern that was not
observed in the other auroral driver categories. In fact, the large dB/dt would not be captured if the magnetom-
eter measurements were of low cadence, for example, of 1 min. The effectiveness of such high-frequency dB/S
dt fluctuations in driving GICs warrants further study, and earlier studies imply that they could be less effective
than those with periods larger than 1 min. This is due to the skin depth effect in a conducting medium, where
fluctuations of lower frequencies penetrate deeper into the Earth, increasing the size of the induction loop and =
subsequently induced currents, while higher frequencies can only penetrate to shallow depths, resulting in much
smaller induction loops that are incapable of driving GICs (Oyedokun et al., 2020). Exceptions can occur at
a significant geophysical strike (such as a coastline), where large conductive gradients usually arise at shallow
depth. The large conductive gradients lead to large geoelectric fields and increase the possibility of GIC hazard.
The WHIT magnetometer did not capture large dB/dt because it was located equatorward of the auroral oval5:
(Figure 51). The PA activity weakened after 1500 UT, and dB/dt also subsided (Figures 5f and 5g-1).
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Similar PA-driven magnetic fluctuations have been reported (Campbell, 1970; Campbell & Rees, 1961; Heacock
& Hunsucker, 1977). Because the time derivative of these magnetic variations can be expressed by a linear
combination of the luminosity variations of auroral patches in various parts of the sky, Oguti et al. (1984) and
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Figure 5. Similar to Figure 1 but showing dB/dt associated with pulsating auroras on 1 November 2016.
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Oguti and Hayashi (1984) proposed that the magnetic variations are due to fluctuations of ionospheric currents
resulting from conductivity fluctuations caused by the pulsating auroral precipitation. Their results are supported ®
by Fujii et al. (1985), Sato et al. (2002, 2004), and Gillies et al. (2015), which detected FAC pairs in association
with each pulsating patches with LEO spacecraft. Hosokawa and Ogawa (2010) further identified a Pedersen
current closure in pulsating patches within the D region ionosphere. Therefore, albeit weak (a few pA/m?, Gillies

et al. (2015)), FACs associated with PAs can serve as an important source of large dB/dt.
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4. Statistics

pauiano

To understand how commonly large dB/dt is driven by various auroral drivers during storms, we perform a
statistical survey of geomagnetic storms (minimum Dst < —50 nT) during 2015 and 2016. The auroral drivers
during other geomagnetic conditions, such as substorms, are deferred to future study. Because THEMIS ASIs do3
not operate during summertime, we only survey January to April and September to December for each year. As3
mentioned earlier, large dB/dt events were selected as 10 min intervals where the upper quartile of dB/dt exceeds 5
100 nT/min at one or more magnetometers. We further require that clear auroral images were recorded by two or
more ASIs surrounding the magnetometers to ensure spatially broad aurora coverage. The survey in total identi-
fied 641 intervals of large dB/dt with simultaneous auroral measurements.

yi Aq
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For each dB/dt event, we determine whether it is driven by a poleward expanding auroral bulge, auroral streamer,
poleward boundary intensification (PBI), omega band, pulsating aurora (PA), or something else. Polewar
expanding auroral bulges, referred to as bulges below, are identified as the rapid expansion of auroras by >4° in
MLAT from an arc located near the equatorward boundary of the oval. This category includes westward traveling
surges because the surges are the western edge of the bulges. The bulge is comprised of a multitude of intense 5
active auroral forms, including streamers and PBIs, and the effect of the bulge on dB/dt represents the collective%
effects of them all (except for PA, which occurs equatorward of the bulge).
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On the other hand, the effect of individual auroral forms is assessed when the oval does not explosively expand but
is, at a given local time, dominated by one or two auroral forms only. Such conditions generally correspond to the
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Table 3 substorm recovery phase or during the time between substorm occurrence. g
Geomagnetic Storms That are Associated With Large dB/dt and Clear and are identified by requiring that the oval in the THEMIS ASI data eltherm
Auroral Images has a quasi-steady width or is waning. The expansion phase, which lasts forg
Date at minute Dst Minute Dst  about 30 min statistically (Gjerloev et al., 2007), is usually excluded. Stream- 5
ers are identified as auroral arcs extending equatorward from the poleward%
4 January 2015 =71 . 5
boundary of the oval by >2° in MLAT, and PBIs as auroras along the pole-»
7 January 2015 -9 ward boundary without such equatorward extension. Omega bands are iden- ;
18 February 2015 —64 tified as auroral arcs that have bumps, torches, or tongues that drift eastward,é
24 February 2015 -56 and pulsating auroras as patches that switch on and off with periods from ag
02 March 2015 —55 few to tens of seconds. %
17 March 2015 —222 Table 3 lists the storms that have intervals satisfying our event selection crite- g
11 April 2015 _75 ria, and Figure 6a presents the minimum Dst of these storms. The majority§
07 October 2015 124 of the analyzed storms are modest in intensity, although there are two 1ntensez-
storms and one super storm. Figure 6b presents the local time distribution of o
03 November 2015 =55 . . . -
the large dB/dt intervals. Most of the intervals occurred in the pre-rmdmght%
07 November 2015 —89 and midnight sectors. The dusk sector has the least number of events possi-S
16 February 2016 =57 bly because the occurrence rate of large dB/dt is lower than that in thez
06 March 2016 -98 nighttime sector (McCuen et al., 2021; Schillings et al., 2021; Viljanen &2 =5
15 March 2016 —56 Tanskanen, 2011; Viljanen et al., 2001). Available auroral observations are %
02 April 2016 _s6 also fewer because the proximity to the solar terminator means that the auro-é
. ral observations are more subject to sunlight contamination than those in the = <:
14 April 2016 -3 nighttime sector. We do not have observations at the dawn sector because of ®
01 September 2016 -39 the sunlight contamination.
29 September 2016 66 Figure 7 shows how common large dB/dt is driven by various auroral
13 October 2016 —104 drivers at the dusk, pre-midnight, midnight, and post-midnight sectors
29 October 2016 —64 (Figures 7a-7d). At dusk, large dB/dt is driven by auroral bulges (58.0%),
03 November 2016 -50 streamers (32.0%) and PBIs (10.0%). Note that the streamers and PBIs are
10 November 2016 —59 selected from either substorm recovery phase or non-substorm time, imply-

(6.2%) in addition to PBIs (6.6%). There are times when more than one type of auroral forms occur in proxnmty
to the magnetometers that have recorded large dB/dt, and one example is the “PA + streamer” category in orange.
The “other” category in magenta includes propagating diffusive patches and Harang aurora (Nishimura, Lyons,
et al., 2010; Zou et al., 2012), ray-structured auroras (Stgrmer, 1955; Sandahl et al., 2008), etc. These auroral
drivers occur much less repetitively than the five we identified and therefore are grouped into one category.

# of storms

Figure 6. (a) Distribution of the minimum Dst of all the geomagnetic storms under analysis. (b) Magnetic local time
distribution of the large dB/dt intervals under analysis. Here the magnetic midnight at Alaska is taken as 11:30 UT.

ing that 42% of large dB/dt occur under conditions other than the expansion-*
phase. In the pre-midnight sector, the dominant drivers are auroral bulges
(33.0%) and streamers (43.6%), and the minor drivers now include PAs
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Figure 7. Pie chart showing the percentage of time of large dB/dt intervals being driven by various auroral drivers. Panels
(a—d) represent large dB/dt intervals in the dusk, pre-midnight, midnight, and post-midnight sectors, respectively.

At midnight, dB/dt has diverse drivers. In addition to bulges (21.5%) and streamers (10.7%), PAs and omega bands
play important roles, which is not surprising because they have been recognized as common auroral features in
the midnight to morning sectors during geomagnetically active time. Compared with times when the oval is
dominated by omega bands alone (as seen in Figure 4), it is more common for omega bands to occur together
with PAs. When the latter happens, it becomes difficult to separate the effect of the two auroras because omega
bands are often located immediately poleward of PAs, and we classify this situation as “PA + omega band.” PAs
have also been observed to occur simultaneously with streamers (PA + streamer category), PBIs (PA + PBI®
category), and bulges (PA + bulge category), but these categories are comparatively minor. Large dB/dt at the
post-midnight sector is primarily driven by PAs and omega bands. The “other” category is primarily consisted of
ray-structured auroras in the morning sector.
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Figure 8 presents the magnitude of large dB/dt (based on 1 s data cadence) as a function of the AE index driven
by different auroras. We examine the dependence on AE rather than Dst because of the limited variance range o,
of Dst (most of the studied storms are modest in intensity). Each open circle presents the upper quartile of aS
10 min large dB/dt interval, and similar to Figure 7, data are separated according to the local time sectors. Here
we only focus on large dB/dt with a single auroral driver. Several features have been noticed. Firstly, dB/dt spans
a larger range, and therefore can reach higher values, in the dusk and pre-midnight sectors than in the midnight
and post-midnight sectors. For example, the upper quartile in the midnight and post-midnight sectors is predom-
inately below 300 nT/min, but can reach 500 nT/min and above at earlier MLTs. This is probably related to the
fact that the midnight and post-midnight sectors are dominated by omega bands and PAs (Figures 7c and 7d),
and the FACs associated with these auroras are generally weaker than those associated with auroral bulges andg
streamers that dominate in the dusk and pre-midnight sectors. Omega bands have been reported to have ana
intensity of ~2 pA/m? in the up- and downward currents (Liu et al., 2018), and PAs have a downward (upward) 5
current in the range of ~1-6 (1-3) pA/m? (Gillies et al., 2015). In contrast, auroral streamers are associated with%
FACs of 25 pA/m? (Amm et al., 1999), and the westward traveling surges are with FACs of 30 pA/m? (Marklund ®
et al., 1998).
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Figure 8. Dependence of the upper quartile of large dB/dt intervals on the type of auroral driver and the AE index.
Each open circle represents the upper quartile of one interval. Panels (a—d) represent large dB/dt intervals in the dusk,
pre-midnight, midnight, and post-midnight sectors, respectively.

Secondly, dB/dt of very large magnitude (upper quartile >300 nT/min) is primarily driven by the auroral bulges in
the dusk and pre-midnight sectors, and to a lesser degree by the streamers. PBI-driven dB/dt is mostly limited to
<300 nT/min. Because we define PBIs as non-equatorward extending intensifications, the result implies that more
strongly depleted flux tubes have the potential to drive larger dB/dt. Thirdly, dB/dt only shows weak dependence o
on the AE index with large scatter. The dependence in the dusk and post-midnight sectors is comparatively more
prominent than that in the pre-midnight and midnight sectors.

Figure 9 presents the peak value of large dB/dt as a function of the AE index driven by different auroras. The
features mentioned above based on the upper quartile also apply to the peak values, with small differences in the

midnight sector. In Figure 9c, dB/dt driven by expanding auroral bulges and streamers extend to higher values
(600 nT/min) than that with pulsating auroras or omega bands, whereas in Figure 8c, the range of dB/dt is similar.
The discrepancy is probably because the very large dB/dt driven by the expanding auroral bulges and streamers
in this local time sector only lasts a short amount of time and hence is not captured in the upper quartile but only
in the peak values.
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5. Discussion

The similarity in the spatiotemporal characteristics between large dB/dt and auroras has important applications
because we can now infer the characteristic spatial scale of dB/dt activity by referring to the scale of auroras
when the sky is clear. Unlike magnetometers, auroral observations are continuous in space and can even extend
beyond continents to achieve a global coverage (with the help of space imaging). Furthermore, when determining s
the optimum and/or recommended spacing between magnetometer stations that are deployed in arrays to provide
continuous monitoring of geomagnetic disturbances for geoelectric fields, we can examine the occurrence, type,
and spatial-temporal characteristics of the auroral forms that occur over the area of interest. Auroral bulges typi- 5
cally initiate from a localized brightening along the break-up arc at 21-24 hr MLT and 64°-69° MLAT. Their size —
depends on the time elapsed from the onset and the azimuthal distance to the onset, and typically reach 5 hr in§
MLT and 10° in MLAT at its peak (Gjerloev et al., 2007; Mende et al., 2003). Auroral arcs can extend thousands 3
of km long and are usually 18 + 9 km wide (Knudsen et al., 2001). The associated convection channels bonded by

the upward and downward FACs have been reported to be 75 km (Gallardo-Lacourt et al., 2014) and 140-150 km
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Figure 9. Similar to Figure 8 but showing the peak (defined as the 98 percentile) of large dB/dt intervals.

wide (Gabrielse et al., 2018). Therefore, dB/dt driven by the bulges may simultaneously affect areas over several
hundred up to one thousand km, and those driven by auroral arcs can extend thousands of km along the arc but
vary drastically in the direction normal to the arcs within 100-200 km. The specific orientation of the arc depends
on the local magnetic time and IMF driving.

Similarly, the challenge in determining the onset and duration of dB/dt activity can also be alleviated. Real-time o
auroral observations, when available, can serve as an advance warning of a potential GIC hazard. In the early
expansion phase, the bulge expands at 1.44 and 1.30 km/s in the west and east direction, and 0.66 km/s in the
poleward direction. In the late expansion phase, the speed slows down to 0.44 and 0.64 km/s in the west and
east direction, and 0.26 km/s in the poleward direction (Gjerloev et al., 2007). Bulges typically last 10-40 min. ®
Streamers often propagate equatorward at a speed of 0.2-0.6 km/s (Gabrielse et al., 2018; Gallardo-Lacourta
et al., 2014), and are optical signatures of tail flow bursts organized over 10 min time intervals (Angelopouloso
et al., 1992). Omega bands propagate at 0.3—2 km/s, and while the activity can persist continuously for several
hours, each bump/torch/tongue structure may take a few to a few tens of min to pass a given magnetometer.
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The numbers above were obtained manually by scientists, and can further be improved by recent application:
of machine learning to auroral images which makes an automatic identification and tracking of various auroral
forms possible (for example, Clausen & Nickisch, 2018; Kvammen et al., 2020; Nanjo et al., 2022).

dde a1 Aq pau

One limitation is that the forecast lead time offered by real-time auroras is rather limited, varying from a few to
a few tens of minutes.For a longer lead time, we can potentially take advantage of auroral forecast models and
adopt their relevant parameterization and modules into the forecasts of GICs. However, existing auroral forecast
models, such as the oval variation, assessment, tracking, intensity, and online nowcasting (OVATION Prime) =
model (Newell, Lee, et al., 2010; Newell, Sotirelis, et al., 2010; Newell, Sotirelis, & Wing, 2010), output th
distribution of the large-scale auroral oval with limited information about the embedded auroral forms, yet th
latter is important for forecasting the spatially localized and temporally transient large dB/dt events. Nevertheless,
progress have been made on capturing and forecasting smaller-scale auroral structures by using both physics-based
numerical models (Sorathia et al., 2020) and machine-learning models (McGranaghan et al., 2021), which may -
potentially contribute to GIC forecast in the future.

5]
5]
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Last but not least, by referring to the magnetospheric source of the auroras, the magnetospheric source of dB/
dt can be inferred. For example, dB/dt driven by bulges are generated by a tailward and azimuthal expansion of
the dipolarized region in the inner magnetosphere that is formed in association with flow bursts transporting
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magnetic flux from the reconnection site to the near-Earth region. Those driven by streamers and PBIs are
produced by the earthward-moving low-entropy flow bursts. dB/dt driven by omega bands are triggered by flow o
shears formed either between flows in the plasma sheet and the low-latitude boundary layer or by flow bursts
injected into the inner magnetosphere. dB/dt driven by pulsating auroras are caused by interactions between 5
plasma sheet electrons and whistler or ECH waves. This knowledge of the magnetospheric source allows us to
better assess the strengths and limitations of existing physical-based models in forecasting dB/dt, and to strate-
gically improve the model performance in the targeted aspects (plasma transportation, instability, wave-particle
interaction, etc). For example, when modeling real-event dB/dt with operational numerical models such as the
Space Weather Modeling Framework (SWMF (T6th et al., 2005, 2012)), we can assess the underlying reasons of¢
the false positive and false negative model predictions by referring to auroral observations made at those regions.
This is because auroras will reveal what magnetospheric processes are missing, or should not have occurred, in
the model. Even for the true positive predictions, auroras will tell whether the model has accurately captured the
magnetospheric driver of dB/dt.
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6. Summary

Using coordinated observations from THEMIS and GIMA ground magnetometers and THEMIS all-sky imagers,
we statistically examine auroral drivers of large dB/dt during geomagnetic storms. A variety of auroral driv-
ers have been identified, including poleward expanding auroral bulges, auroral streamers, PBIs, omega bands,
pulsating auroras, etc. The onset, spatial variability, and duration of large dB/dt are well explained by those of the
auroras. For example, poleward expanding auroral bulges drive large dB/dt that spread progressively poleward,
and periodic injections of streamers drive large dB/dt that occur in periodic bursts. PBIs produce large dB/dt
that are confined to the poleward boundary of the auroral oval, and omega bands produce large dB/dt that drifts
eastward. Pulsating auroras drive large dB/dt that exhibit high-frequency (seconds) fluctuations which could not
be captured by data of low cadence such as 1 min.
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Statistically, expanding auroral bulges and streamers are dominant drivers in the dusk and pre-midnight sectors,
and omega bands and pulsating auroras dominate in the post-midnight sectors. In the midnight sector, large dB/
dt can be driven by a wide variety of auroras. The bulge and streamer related dB/dt tends to span a larger range,
and therefore can reach higher values, in the dusk and pre-midnight sectors than the dB/dt driven by the omega--
bands and pulsating auroras in the midnight and post-midnight sectors.

The similarity in the spatiotemporal characteristics between large dB/dt and auroras has important applications &’
because the challenge in determining the spatial variability, onset, and duration of dB/dt activity can be alleviated
by referring to auroras. The magnetospheric source of dB/dt can also be inferred. Our results therefore suggest
that auroras can exert significant leverage on GIC research and forecast.
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