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Abstract Interactions between the solar wind and the Earth’s magnetosphere manifest many
important space weather phenomena. In this paper, magnetosphere-ionosphere drivers of intense dB∕dt
produced during geomagnetic storms that occurred on 9 March 2012 and 17 March 2015 are analyzed.
A multi-instrument approach combining Time History of Events and Macroscale Interactions during
Substorms (THEMIS) mission space-borne and ground-based observations was adopted to examine
the magnetosphere-ionosphere signatures associated with the dB∕dt extremes during each storm.
To complement the THEMIS measurements, ground-based magnetometer recordings and All-Sky Imager
observations, equivalent ionospheric currents derived from magnetometer chains across North America
and Greenland, and geosynchronous observations from the Los Alamos National Laboratory Synchronous
Orbit Particle Analyzer are also examined. Our results show that the most extreme dB∕dt variations are
associated with marked perturbations in the THEMIS magnetospheric measurements, poleward expanding
discrete aurora passing over the magnetometer sites (seen by the ground-based THEMIS All-Sky Imagers),
intense Pc5 waves, rapid injection of energetic particles, and intense auroral westward currents. Substorms
are considered as the major driver with a possible contribution from magnetospheric waves. The findings
of this study strongly suggest that the localization of extreme dB∕dt variations is most likely related to the
mapping of magnetosphere currents to local ionospheric structures.

1. Introduction

Space weather-driven geomagnetically induced currents (GICs) flowing in ground-based systems such as
high-voltage power transmission networks, oil and gas pipelines, and communication systems are a major
concern. The potential impact of space weather on these critical technological assets has prompted renewed
interest to further inform our understanding of extreme events. During geomagnetic disturbances, intense
time-varying currents produced in the Earth’s magnetosphere-ionosphere (M-I) coupled system result in rapid
fluctuation of the surface geomagnetic field (dB∕dt). A horizontal surface geoelectric field (E field) is induced
in the Earth (a conducting medium) fundamentally based on Faraday’s law of induction: a changing mag-
netic field produces an electric field that then drives GIC in man-made electrically conducting technological
infrastructure (e.g., Boteler et al., 1998; Pirjola, 2002).

Therefore from a physical standpoint, the E field, which is independent of technological infrastructure, is
the primary quantity of interest since it is the basic property that dictates the magnitude of GICs. However,
because the major interest of this study is the M-I processes that generate intense geomagnetic perturbations,
we employ dB∕dt as a proxy for the GIC, thus eliminating the need to determine the E field in the absence of
specific (or realistic) ground conductivity model(s) for the region of interest. As previous studies have pointed
out, appropriate specification of ground models is critical for GIC applications and cannot be overemphasized
(see articles by Bedrosian & Love, 2015; Kelbert et al., 2017; Love, 2012; McKay, 2003).
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Understanding the spatiotemporal variation of M-I currents requires a grasp of changes in the driving pro-
cesses that regulate the state of the whole system. Electric currents in the ionosphere are closely linked to the
magnetosphere through large-scale field-aligned currents (FACs). FACs play a key role in the transfer, conver-
sion, and circulation of momentum, mass, and energy between the solar wind, the magnetosphere, and the
ionosphere. Enriching our knowledge of the development of dynamic M-I currents during major geomagnetic
storms is one of the top priorities in the space weather community today. For GIC studies, it is critical that we
understand the complex processes, both external and internal, that regulate currents in the near-Earth space
environment (e.g., Adebesin et al., 2016; Ngwira et al., 2015, and references therein).

Several studies show that during geomagnetic disturbances, storm-enhanced high-latitude peak geomag-
netic perturbations that cause large GICs tend to be localized (e.g., Boteler & Jansen van Beek, 1999; Pulkkinen
et al., 2003, 2015; Ngwira et al., 2015, and references therein). The geomagnetic structures associated with
localized extremes at single sites can be greatly different from structures associated with globally or region-
ally averaged fields (Ngwira et al., 2015; Pulkkinen et al., 2015). Extreme dB∕dt variations can significantly
impact GICs locally, but the impact on power system stability as a whole is not well understood. In addition,
the detailed physical processes that generate these local extremes are not well known.

This paper combines THEMIS (Time History of Events and Macroscale Interactions during Substorms) mission
in situ and ground-based observations in a novel way to investigate M-I drivers of two dB∕dt extreme events
in the Alaskan sector. Additionally, a variety of ground-based observations, ionospheric currents derived
from magnetometer chains across North America and Greenland, and geosynchronous observations from
the Los Alamos National Laboratory (LANL) Synchronous Orbit Particle Analyzer (SOPA) are also examined
to further elucidate the physical processes associated with the extremes. This study emphasizes the need
for coordinated multipoint observations to advance our understanding of the extreme dB∕dt localization
characteristics and space weather in general.

2. Data and Analysis

The primary space-borne and ground-based data sets for the present paper are drawn from several different
sources. Because this study is focused on the Alaskan region, we employ NASA’s THEMIS mission observations
as one of our key sources due to the wide coverage of the region. The THEMIS mission is intended to investi-
gate magnetospheric substorms, which are the manifestation of basic instabilities in the magnetosphere that
release energy explosively and drive intense surface E fields. THEMIS combines ground-based and magneti-
cally conjugate in situ observations to determine the generation and large-scale evolution of substorms (e.g.,
Angelopoulos, 2008; Sibeck & Angelopoulos, 2008). The original mission employed five identical THEMIS satel-
lites that lined up along the Earth’s magnetotail to track the motion of particles, plasma, and waves from one
point to another and for the first time resolve space-time ambiguities in major regions of the magnetosphere
on a global scale.

The North American high-latitude region is well populated with ground-based instrumentation, which we
extensively use to characterize the selected events. The THEMIS mission operates two arrays consisting of over
30 magnetometers and 20 All-Sky Imagers (ASIs) around North America, from Alaska to Labrador (Donovan
et al., 2006; Mende et al., 2008; Russell et al., 2008). The stations were developed and deployed for a broad cov-
erage of the nightside magnetosphere. A distribution map of THEMIS ground observation sites can be viewed
at http://themis.ssl.berkeley.edu/asi_map.shtml. For this case study, 0.5- and 1-s THEMIS geomagnetic field
observations were used to compute dB∕dt. In addition to the THEMIS data, we also use 60-s INTERMAGNET
observations to broaden the ground coverage. We employ dB∕dt as a proxy for the induced surface E field in
the absence of an appropriate regional conductivity model to realistically determine the E fields.

The spatiotemporal profile of ULF (ultralow-frequency) Pc5 wave activity during the two selected time inter-
vals was examined based on geomagnetic field measurements from a variety of ground-based magnetometer
arrays. These include time series of vector magnetic field measurements from the THEMIS ground-based mag-
netometers (Mende et al., 2008; Russell et al., 2008) and stations from the magnetometer arrays providing data
to the SuperMAG collaboration (Gjerloev, 2015). The geomagnetic field measurements from SuperMAG mag-
netic stations have a temporal resolution of 1 min. A continuous wavelet transform with the Morlet wavelet as
the basis function has been applied to analyze the magnetic north component in the time-frequency domain.
Prior to the time-frequency analysis using wavelet transforms, a sixth-order high-pass Butterworth filter with
a cutoff frequency of 0.9 mHz was applied to obtain the wavelet power spectra covering the Pc5 frequency
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Figure 1. Plot of the geomagnetic Bx component and the rate of change dB∕dt at ground sites in the Alaskan sector
during the 9 March 2012 storm event. Strong dB∕dt consistent with large Bx excursions that are of interest to this study
are noted between 08:45 UT and 09:10 UT.

range. Two-dimensional snapshots of the weighted sum of wave power contained between 2 and 7 mHz were
then derived from all available geomagnetic measurements by interpolation on a rectangular grid of L-shell
versus magnetic local time.

LANL geosynchronous electron flux data from the SOPA instrument (Belian et al., 1992; Reeves et al., 1997)
are also employed in this study. LANL space environment monitors record the entire 3-D electron distribution
from 50 keV to more than 1.5 MeV in one spin. The 10-s time resolution data used in this paper are the local
in situ measurements at each satellite (Reeves et al., 2003). To produce the 10-s samples, spin-averaged data
were averaged over all three telescopes and then averaged over all spin sectors. This provides a full-sphere
measurement but not a true omnidirectional measurement. The difference between spin-averaged and omni-
directional measurements is that omnidirectional takes account of both oversampling and undersampling of
the 4-pi steradians.

3. Observations and Results

Figure 1 exhibits geomagnetic perturbations observed on the ground for the storm on 9 March 2012. The top
panel shows the detrended geomagnetic field Bx component for selected stations in the Alaskan sector at
four THEMIS ground recording sites, namely, Fort Yukon (FYKN), Gakona (GAKO), Inuvik (INUV), and McGrath
(MCGR). The figure also contains data from two INTERMAGNET network of observatories sites at Barrow (BRW)

and College (CMO). The corresponding horizontal dB∕dt =
√

(dBx∕dt)2 + (dBy∕dt)2 are arrayed in the bottom

panel. There are clear spatiotemporal complex patterns seen in this figure with major storm time dB∕dt per-
turbations appearing between 08:45 UT and 09:10 UT (22:45 to 23:10 LT). The largest dB∕dt (2100 nT/min) for
entire storm period occurs in southern Alaska at GAKO (22:48 LT), and another slightly lower dB∕dt enhance-
ment (849 nT/min) is seen about 12 min later at BRW (23:00 LT) in northern Alaska. The dB∕dt spatial variations
can be caused by nonuniform geomagnetic fields, while the temporal variations are related to time-varying
source currents in the M-I system that regulate geomagnetic field fluctuations.

The second event we examine herein occurred during the Saint Patrick’s day storm of 17 March 2015. This is
the largest storm, as measured by Dst index, in the current solar cycle at the time of writing this paper. The
rate of change dB∕dt calculated for the BRW, CMO, FYKN, and MCGR stations are displayed in Figure 2. Stations
FYKN and MCGR were the only two THEMIS ground sites in the Alaskan region of interest that produced the
largest dB∕dt on this day. However, the highest value of 852 nT/min for the entire storm was experienced at
BRW around 03:33 LT. For this storm we are interested in the time period between 13:15 UT and 13:45 UT or

NGWIRA ET AL. 678



Space Weather 10.1029/2018SW001911

B
x 

[n
T

]
-2400

-2000

-1600

-1200

-800

-400

0

400

Hours [UT]
12:00 12:30 13:00 13:30 14:00 14:30 15:00

d
B

/d
t 

[n
T

/m
in

]

-800

-600

-400

-200

0

200

400

600

800

Figure 2. Similar to Figure 1 but only for the sites at BRW, CMO, FYKN, and MCGR during the St. Patrick storm on 17
March 2015. The period of interest is between 13:15 UT and 13:45 UT. BRW = Barrow; CMO = College; FYKN = Fort
Yukon; MCGR = McGrath.

0315 LT and 03:45 LT, respectively. In this specific case, the response characteristics are similar to those shown
in Figure 1: namely, the timing of steep geomagnetic field excursions coincide with large dB∕dt variations.

To understand the dynamics of M-I currents that produce extreme surface dB∕dt requires also a knowledge of
the external driver processes that regulate the state of the M-I coupled system, which in this case is the solar
wind. Figure 3 shows selected interplanetary magnetic field (IMF) and solar wind parameters and the geomag-
netic AE index. All data are sampled at 1-min time resolution for the two events. The panels show from top to
bottom the IMF By and Bz components, solar wind bulk speed and number density, and the high-latitude geo-
magnetic AE index. The OMNI definitive IMF and plasma data (GSM) have been time-shifted to the nose of the
Earth’s bow shock. Panels on the left column of the figure display data from the storm event on 9 March 2012,
while the panels in the right column are for the 17 March 2015 storm. The red vertical dashed lines corre-
spond to the onset of sudden AE enhancement and large local dB∕dt features for each case. It is noted that
there was an abrupt increase in the density (>10 particles/cm3) just prior to the enhancement on 17 March
but barely any change on 9 March. However, both cases were associated with strong southward Bz (∼ −10 nT),
and highly enhanced AE values at the same time as the dB∕dt amplifications. We note also that the sudden
AE enhancements are preceded by sharp reversal of the IMF By , which was positive in both cases, and marked
change of Bz from −5 nT to −20 nT for the 17 March case.

Turning attention to space-based magnetosphere measurements, Figure 4 presents THEMIS D and E observa-
tions for the 9 March 2012 storm. From top to bottom the panels show the magnetic field, plasma density and
velocity, ion and electron plasma temperatures, SST (solid state telescope) and ESA (electrostatic analyzer)
electron flux spectrogram, and electric field. On 9 March THEMIS D and E were both located in the predawn
sector of the magnetosphere with ionospheric footprints that mapped down to parts of northeast Canada.
The time period shown roughly corresponds to premidnight local times (∼22:30 LT) in the Alaskan Yukon sec-
tor where the ground events were observed. Between 08:00 UT and 08:30 UT (not shown) the two THEMIS
probes detected marked variations in magnetic field, density, velocity, and electric field that were increased,
while temperature and electron flux decreased, but the corresponding surface dB∕dt do not show significant
changes. However, between 08:45 UT and 09:10 UT both THEMIS probes again encountered increased levels
of fluctuation. At about 08:46 UT, an increase in the magnetic field By and Bz was detected by both probes, and
approximately 3 min later dB∕dt reveal major changes at the four ground sites. The largest perturbations are
seen close to 08:58 UT (22:58 LT in Alaska) preceding the peak dB∕dt at BRW around 23:00 LT (09:00 UT). The
goal of this study is to gain insight on the physical processes associated with these extreme dB∕dt variations.

NGWIRA ET AL. 679



Space Weather 10.1029/2018SW001911

B
y

4

6

8

10
March 9, 2012

10

20

30

March 17, 2015
B

z

-15

-10

-5

0

5

-30

-20

-10

0

10

20

S
p

ee
d

680

700

720

740

200

400

600

800

D
en

si
ty

0

2

4

6

8

0
20
30
40
50
60

UT hour
7:00 7:30 8:00 8:30 9:00 9:30 10:00 10:30

A
E

0
500

1000
1500
2000
2500

UT hour
12:00 12:30 13:00 13:30 14:00 14:30 15:00

0
500
1000
1500
2000
2500

Figure 3. OMNI interplanetary solar wind data and auroral electrojet index. (from top to bottom) IMF By , IMF Bz , bulk speed, number density, and the AE index.
(left column) On 9 March 2012 and (right column) 17 March 2015. The vertical red dashed lines indicate the onset of sudden AE enhancement for each storm
event. IMF = interplanetary magnetic field.

Figure 5 displays THEMIS observations for the event on 17 March 2015. For this event, the interval of interest
is between 13:00 UT and 1400 UT during which THEMIS probes D and E detected magnetic field, density,
velocity, temperature, flux, and electric field variations. During this time interval both THEMIS D and E were
located on the dusk side with footprints over northern Russia. At the same time, corresponding dB∕dt at FYKN
and MCGR show a marked response around postmidnight local times (∼03:30 LT or 13:30 UT). We note that
the two probes D (X = 2.5, Y = 7.5, and Z = −2.0, GSE) and E (X = 0.1, Y = 5.2, and Z = −1.5, GSE) appear to
observe major magnetic field variations at slightly different times with probe D, having the largest variations
(Δ> 100 nT), detecting strong perturbations starting just before 13:30 UT. Probe D observed plasma flowing
tailward (negative velocity in x direction) with a velocity reaching about 400 km/s at 13:30 UT. This could
be related to a compression of the dayside magnetosphere by a strong pressure pulse as indicated in solar
wind data. On the other hand, probe E detected slightly smaller magnetic field perturbations (Δ < 50 nT)
shortly after 13:30 UT. In this case, the perturbations are associated with fast sunward flows (positive velocity
in x direction) with velocity around 80 km/s at 13:40 UT. Another evident difference is that the high-intensity
THEMIS electric field wave measurements for probe D are seen over an extended interval (∼ 13:10–13:45 UT)
while the probe E measurements are only confined to a narrow time instance approximately centered around
13:40 UT.

In Figure 6 we present a comparison between dB∕dt and the THEMIS ASI auroral keogram for 9 March 2012.
The figure shows the substorm timing and poleward expansion more easily. The timing of substorm poleward
expanding aurora passing over the magnetometer stations matches very well with dB∕dt peaks. The aurora
was intense first and then weakened as it propagated poleward, consistent with the largest dB∕dt near the
substorm onset location. Comparison of dB∕dt and the Toolik ASI auroral keogram during the storm event on
17 March 2015 are shown in Figure 7. Toolik is located midway between FYKN and BRW. Auroral brightening
and poleward expansion are clearly seen. The 13:29 UT intense dB∕dt at FYKN nicely corresponds to a weak
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Figure 4. Observations by THEMIS spacecraft lying on the postmidnight magnetosphere during the event on 9 March
2012. The top exhibit contains THEMIS-D observations, while the bottom exhibit contains THEMIS-E probe data. The
interval of interest (shaded area) is between 08:30 and 09:30 UT. THEMIS = Time History of Events and Macroscale
Interactions during Substorms.
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Figure 5. Observations of THEMIS spacecraft as in Figure 4 but for 17 March 2015. In this case, the two THEMIS probes
where located in the post noonside magnetosphere. The interval of interest is between 13:00 and 14:00 UT. THEMIS =
Time History of Events and Macroscale Interactions during Substorms.
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Figure 6. Comparison of dB∕dt and auroral keogram for the event on 9 March 2012. The THEMIS ASI observations from
MCGR and INUV are displayed. The plot clearly shows that the dB∕dt peaks are consistent with the substorm timing and
poleward expansion. THEMIS ASI = Time History of Events and Macroscale Interactions during Substorms All-Sky Imager;
MCGR = McGrath; INUV = Inuvik.

auroral brightening localized to the FYKN latitude, and then the 13:32 UT large dB∕dt at BRW matches with
the intense auroral brightening and poleward expansion. Based on these data, the story of this second event
is consistent with the first event. Additionally, dB∕dt movies and the THEMIS ASI mosaic movie (9 March) are
provided in the supporting information and discussed in the following section.

We now examine the response of auroral ionospheric currents over North America with the aid of equiva-
lent ionospheric current (EIC) maps derived using the state-of-the-art spherical elementary current systems
(SECS) technique developed by Amm and Viljanen (1999). The SECS technique is based on a singular value
decomposition method by which recorded ground magnetic field fluctuations are inverted to determine the
ionospheric current system. Weygand et al. (2011) first adapted this approach for large nonrectangular regions
with widely separated ground magnetometers (∼350 km) by applying it to the whole North American auro-
ral region. The EIC maps provided here have a resolution of ∼3∘ (about 175 km) in GLAT (geographic latitude)
and ∼7∘ in GLON (geographic longitude). The maps inferred at the time resolution of the database, in this
case 10 s, show in detail the dynamic evolution of the currents over the entire North American ground mag-
netometer network and can therefore be analyzed further in conjunction with near-simultaneous images of
the THEMIS ASI mosaics and/or keograms (Weygand et al., 2011).

Figures 8a and 8c show EIC maps for North America and Greenland for the activity on 9 March 2012. The vector
fields show the strength of ionospheric currents for specific ground magnetometer sites at 08:47 UT and 08:49
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Figure 7. Same as Figure 6 but for the event on 17 March 2015. The ASI observations from Toolik, located midway
between FYKN and BRW, are shown. Note that there is no ASI data after 14:05 UT. ASI = All-Sky Imager; FYKN = Fort
Yukon; BRW = Barrow.

UT, respectively. At 0847 UT a moderate (750 mA/m) westward current prevails over the Alaskan sector. But
later on at 08:49 UT much stronger (1,900 mA/m) westward currents develop following a substorm onset just
before 08:47 UT as seen from the THEMIS ASI keogram in Figure 6. Strong westward current extends from the
Hudson Bay area to Alaska, but the strongest currents are located over Alaska. North of this current system
is a moderate (300 mA/m) eastward current. Figures 8b and 8d display large-scale FACs, where the blue plus
symbols indicate upward current amplitudes and the red squares indicate the downward current amplitudes.
Figure 9 generally shows similar response characteristics as in Figure 8; however, we note that the westward
current system extends over a wider area of Alaska. This could be related to the strength of the magnetic
storms since the 17 March storm was larger in scale than the 9 March storm. Interestingly for both storms, the
ground footprint of the EICs appear to be at the interface/boundary of the upward currents in the southern
half and downward currents in the northern half. This emphasizes the role of the ionosphere in the coupling
of the solar wind-magnetopshere-ionosphere system by connecting the upward and downward FACs.

In Figure 10, we present geosynchronous SOPA energetic electron measurements for the LANL-01A satellite
during the event on 17 March 2015. The spacecraft was at postmidnight local times having crossed local
midnight at about 11:30 UT. Three different energy channels, E5, E6, and E7, respectively representing the
values 275, 395, and 577 keV, are plotted. One can clearly see (Figure 10) two large enhancements of electron
flux (injections), as indicated by the two vertical dashed lines at∼13:25 UT and∼13:32 UT, which are preceded
by a growth phase flux dropout from about 13:08 UT to 13:24 UT and from 1330 UT to 1332 UT, respectively.
The flux growth phase dropout is caused by the tailward stretching of the magnetic field near local midnight
(Reeves & Henderson, 2001). It should be noted that the timing of the electron injections described here are in
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Figure 8. Equivalent ionospheric current maps (a and c) for North America as derived using the SECS method for 9
March 2012. (b and d) The corresponding field-aligned currents (color). Two specific time steps at 08:47 and 08:49 UT
are highlighted. The black line indicates the location of local midnight. The stars mark the locations of ground
magnetometer stations providing the data for that day. SECS = spherical elementary current systems.
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Figure 9. The same format as Figure 8 but for 17 March 2015.
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Figure 10. Geosynchronous SOPA energetic electron measurements during the geomagnetic storm on 17 March 2015.
The LANL-01A satellite data for three different energy channels E5, E6, and E7, which represent the values 275, 395, and
577 keV, respectively, are plotted. The spacecraft crossed local midnight at about 11:30 UT. The dashed lines indicate the
times of extreme surface dB∕dt. Data courtesy of Geoffrey Reeves. SOPA = Synchronous Orbit Particle Analyzer; LANL =
Los Alamos National Laboratory.

good agreement with THEMIS D and E ESA electron flux observations in Figure 5. On the ground, the particle
injections can be closely connected to substorm onset identified by the sharp bays in the Bx component of
magnetic field at FYKN, MCGR, CMO, and BRW, as shown in Figure 2. Also, the well-defined double injection
is evident in the dB∕dt response at FYKN (Figure 2) with peaks at 13:30 UT and 13:35 UT. This is an interesting
result because it shows that there is a strong connection between dB∕dt amplification and complex internal
magnetospheric processes.

We also investigate ULF Pc5 wave activity by applying wavelet transform to measurements from multiple
magnetometer arrays covering a wide range of magnetic longitudes and latitudes made available through the
worldwide collaboration SuperMAG, as described in section 2. The local time of peaks observed in these Pc5
wave activity profiles over the Alaska sector stations KAV (Kaktovik), BRW, FYU (Fort Yukon), PKR (Poker Flats),
CMO, GAK (Gakona), T40 (McGrath), T39 (Trapper Creek), and SHU (Shumagin) (at ∼2245 LT on 9 March 2012
and∼03:30 LT on 17 March 2015) are consistent with intense dB∕dt. Much of the wave activity is concentrated
in the premidnight and postmidnight sectors; this asymmetric distribution around noon has been seen in
statistical studies (i.e., Rae et al., 2012).

4. Discussion

This study combines multipoint space-borne and ground-based measurements to study the magnetosphere
and ionosphere response characteristics associated with extreme dB∕dt events during two geomagnetic
storms. These two geomagnetic storms produced the largest high-latitude dB∕dt values in the current solar
cycle, specifically in the Alaska region. Table 1 provides a summary of noteworthy observations that lays out
a series of events leading up to the period of peak dB∕dt cases. In this section we discuss the results and what
they mean and the direction of future research efforts.
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Table 1
Summary of Key Observations Arraying the Progression of Events

UT (hh:mm) Description of event

9 March 2012

08:46 Sudden auroral brightening seen from THEMIS ASI

08:47 THEMIS D and E magnetic field Bz starts to increase

08:48 Sudden AE and AL enhancement

08:48 Large peak dB∕dt values over Alaska but extreme value at GAKO

08:49 Appearance of enhanced EICs over Alaska

08:49 Start of Pc5 wave activity enhancement over Alaska

08:58 Large peak dB∕dt at BRW

17 March 2015

13:23 Substorm onset according to SuperMag event list

13:25 THEMIS D and E magnetic field Bz starts to increase

13:25 LANL-01A first injection

13:28 Start of ASI saturation at FYKN

13:28 Start of Pc5 wave activity enhancement

13:30 Strongly enhanced EICs appear in northern Alaska (not shown)

13:30 Large peak dB∕dt at FYKN

13:31 Large peak dB∕dt at MCGR

13:32 LANL-01A second injection

13:33 Second peak dB∕dt at FYKN and a peak at CMO

13:35 Strongly enhanced EICs appear in northern Alaska

13:35 Extreme dB∕dt at BRW

Note. THEMIS ASI = Time History of Events and Macroscale Interactions during Substorms All-Sky Imager;
LANL = Los Alamos National Laboratory; EIC = equivalent ionospheric current; GAKO = Gakona; BRW =
Barrow; FYKN = Fort Yukon; MCGR = McGrath; CMO = College.

Careful examination of the THEMIS (http://themis.ssl.berkeley.edu/summary.php) and IMAGE (International
Monitor for Auroral Geomagnetic Effects, http://space.fmi.fi/image/beta/) ground-based magnetometer
online magnetograms (see supporting information) shows typical substorm features that existed on both 9
March 2012 and 17 March 2015, particularly during our periods of interest. Both THEMIS and IMAGE ground
networks cover the magnetic latitudes where the electrojet currents related to substorms flow. The IMAGE
signatures are weak (∼300 nT amplitude) for 9 March, with mainly positive (eastward) perturbations, but rel-
atively strong (∼700 nT) deviations for 17 March. By contrast, the THEMIS magnetometer data indicate that
intense westward electrojet currents (negative perturbations with > 1,000 nT amplitude) were present on
both days. It is worth noting that the IMAGE chain is located in early morning and afternoon for 9 and 17 March,
respectively, while THEMIS Alaska chain is near local midnight in both cases. Our interpretations of auroral
currents are fully supported by EIC maps in Figures 8 and 9 and by the sudden large AE (or AL, not shown)
index jump in both scenarios, as highlighted in Figure 3. Historically, the AE index has been interpreted as an
indicator of auroral electrojet activity (e.g., Gjerloev et al., 2004). Altogether these features are consistent with
substorms, which are one of the major agents in coupling the magnetosphere and the ionosphere (Akasofu,
1981; Borovsky & Funsten, 2003; Ebihara et al., 2005; Nishimura et al., 2010; Wolf, 1975, and references therein).

One can therefore assert that the extreme surface dB∕dt cases presented here are caused by auroral electro-
jet current, a dominant player in the auroral zone induction process. Magnetospheric substorms create the
most intense auroral currents and have long been recognized as among the leading geo-effective causes of
large-amplitude high-latitude surface E fields (e.g., Ngwira et al., 2014; Pulkkinen et al., 2005; Viljanen et al.,
2006, and references therein). Substorms are elementary physical processes of solar wind energy storage and
explosive release in Earth’s magnetotail region, which encompass fundamental plasma physics questions. The
most remarkable auroral substorm feature is the sudden brightening and poleward expansion of the aurora.
Closely coupled with this expansion is an intense westward auroral electrojet current across the bulge of
expanding aurora (McPherron & Chu, 2016), which is a direct manifestation of the substorm current wedge
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Figure 11. Profile of Pc5 wave activity during the event on 9 March 2012. Plot shows activity as a function of the
magnetic local time (MLT) and L-shell values. Locations of ground magnetometer sites are given by black squares,
while those in the Alaskan sector used for this study are highlighted in white squares.

(e.g., Murphy et al., 2013; Yao et al., 2012, and references therein). The substorm current wedge is a central
element of the substorm expansion phase associated with magnetic field dipolarization in the magnetotail
following substorm onset consisting of downward FACs in the east, upward FACs in the west, and an enhanced
westward electrojet in the ionosphere (McPherron et al., 1973).

Additional satellite observations of the magnetospheric status are in good agreement with the ionospheric
signatures of the substorm (or associated ground dB∕dt enhancement). SOPA data from LANL-01A satellite
(Figure 10) show an energetic electron flux dropout and rapid two-peak injection whose timing coincides
with the surface dB∕dt response at FYKN and MCGR magnetometer sites, as seen in Figure 2. The main factors
that are considered to cause dropouts are the substorm growth phase and solar wind dynamic pressure. It is
important to note that storms are not necessary for presence of dropouts, but dropouts are often seen during
substorm activity (e.g., Boynton et al., 2016; Reeves & Henderson, 2001). On the other hand abrupt compres-
sion of the magnetosphere due to an increase in dynamic pressure causes trapped electrons in the outer
radiation belt to be lost to the solar wind via magnetopause shadowing (e.g., Bortnik et al., 2006; Boynton
et al., 2016; Kim & Chan, 1997; Onsager et al., 2004; Reeves et al., 2003, and references therein).

In contrast, the explicit mechanism by which the magnetosphere is able to energize radiation belt electrons
has also been particularly challenging to resolve. The conventional theory is that large-scale, fluctuating
electric and magnetic fields energize particles through radial diffusion (Chen et al., 2007). THEMIS space-
craft observations show that the timing of rapid magnetic field reconfiguration and particle injections (also
LANL-01A) correspond well with dB∕dt enhancements. Energetic particle injections (tens to hundreds of keV)
are characteristic features of substorm onset and play a key role in the dynamics of the inner magnetosphere
(Baker et al., 2016; Chen et al., 2007; Liu et al., 2016), especially during magnetic storms. They are a seed pop-
ulation for the radiation belt and ring current and create particle velocity space anisotropies that drive kinetic
waves responsible for particle losses or further acceleration in the inner magnetosphere (Liu et al., 2016).
Reconfiguration of tail magnetic fields and substorm injections are highly complex processes, and knowledge
of such events is therefore crucial to answering important questions about inner magnetosphere dynamics
and production of extreme dB∕dt.

Additionally, observations show that during geomagnetic storms magnetospheric wave dynamics are closely
linked to those of particles (e.g., Chen et al., 2007; Friedel et al., 2002, and references therein), and various
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Figure 12. Profile of Pc5 wave activity during the event on 17 March 2015.

kinds of interrelationships can occur. In this study, Figures 11 and 12 demonstrate that intense Pc5 wave activ-
ity centered around the ground stations in Alaska was present. Several studies show a strong connection
between the geomagnetic pulsations and GIC events (Pulkkinen & Kataoka, 2006; Pulkkinen et al., 2005). In
general, the most intense Pc5 waves, with amplitudes about an order of magnitude larger than common Pc5
pulsations, are observed during the recovery phase of severe magnetic storms. These are commonly called
global Pc5 pulsations because they can be observed simultaneously in the morning and evening sectors over
a wide range of latitudes (e.g., Marin et al., 2014). In addition, these ULF waves have amplitudes as large as the
changes that occur in association with auroral zone disturbances, such as substorms. Lyons et al. (2002) argue
that large-scale Pc5 waves are a major component of the tail dynamics during periods of enhanced convec-
tion. However, what is still not quite clear is the role/contribution of these waves in the generation of extreme
dB∕dt. As Onsager et al. (2004) point out, one of the challenges that make it difficult to explain the exact
causes is that several different mechanisms can be contributing. Therefore, going forward, the key challenge
is to isolate and understand the role of each mechanism in driving extreme events.

Another major outstanding question surrounding GICs concerns the localization of the ground response.
As we have shown here using widely separated THEMIS spacecraft, the magnetosphere signatures of the
two events are global in nature but the ground footprint of the extremes is clearly localized with spatial
scales of a few hundred kilometers. This agrees with an earlier report by Ngwira et al. (2015) who pro-
vides further evidence (12 storms) for the localized nature of these events. Upon closer inspection of
Figures 1 and 2, it is clear that intense dB∕dt events on both 9 and 17 March first appear in the southern
parts of Alaska at GAKO and MCGR, followed by central locations at CMO and FYKN, then later at the most
northern locations BRW and INUV. This characteristic is consistent with the poleward expansion of the auroral
currents associated with substorms, which would perhaps suggest that the location of the substorm onset is
in the near vicinity of southern Alaska. Figures 6 and 7 show that intense dB∕dt are confined to the poleward
edge of the poleward-expanding discrete aurora. This corresponds to the region of most powerful aurora
during a substorm, a region where energy conversion in the magnetosphere is most active but localized.
Wygant et al. (2000) show using space-based evidence that intense electric field and Poynting flux occurs
at the poleward edge. Therefore, it is highly likely that extreme dB∕dt could be associated with this
localized system.

On the ground, THEMIS ASI mosaic movies (see Movie S1 of supporting information) also contain evidence
of bright auroral arc features at MCGR between 08:45 and 08:54 UT on 9 March. In this specific case the sub-
storm onset (sudden brightening of aurora) and growth is clearly confined to a subsector of the Alaskan region
but poleward expansion of the auroral arc can be seen, as revealed in the supporting information movie.
Furthermore, on 17 March saturated THEMIS keogram images (see Figure S6 of supporting information)
in combination with EIC maps (Figure 9) confirm that strong auroral westward current was directly over-
head at the specific sites. This implies that our ground sites were in the near vicinity to the substorm onset
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location (or source region for the localization), which strongly suggests a source current related to the exis-
tence of small-scale/isolated ionospheric processes or structures (e.g., Boteler & Jansen van Beek, 1999;
Tsurutani et al., 2015). Despite this evidence, it is still not clear if substorms are the primary/seeding
mechanism for the localization, but a thorough community-wide effort is encouraged to further explore
these processes.

Finally, we draw attention to a recent investigation on supersubstorms (extremely intense) by Tsurutani et al.
(2015). They show that these extremely intense isolated events appear to be externally triggered by small
regions of very high density solar wind plasma cloud striking the magnetosphere. Tsurutani et al. (2015)
further hypothesized that southward IMF Bz is a necessary condition for loading energy into the magneto-
sphere/magnetotail, while the plasma clouds trigger the release of the stored energy. For substorms, only
a small fraction typically lead to extreme geomagnetic field fluctuations, therefore, examining the develop-
ment and evolution of these supersubstorms could prove important for enriching our understanding of the
relationship between substorms and extreme GICs, and in our view, these are the kind of events that the GIC
community ought to pay much more attention to. However, it is important to note that at the present moment
there is no direct evidence linking these supersubstorms to extreme GICs.

5. Summary and Conclusions

Even though our understanding of space weather has significantly grown over the last two decades, one of
the major challenges the GIC community continues to encounter is understanding the physical processes
that cause local surface dB∕dt extremes, which could in turn produce large GICs. The two case studies pre-
sented here have allowed us to see the ground geomagnetic response, to observe large-scale magnetosphere
dynamics and to characterize the development and evolution of ionospheric currents.

Our results show a strong connection between auroral processes and the development of extreme surface
dB∕dt, which strongly supports substorm-related activity as the major driving mechanism for the two storms
in the present study. However, it is still not clear at present whether substorms are the primary seeding mecha-
nism for strong dB∕dt since the effects of substorms are widespread in nature but extreme dB∕dt are localized.
Our findings strongly suggest that the localization of surface dB∕dt is most likely related to the mapping of
magnetosphere currents to local ionospheric structures. In addition, we have shown that strong Pc5 activ-
ity was present during these events. The role of Pc5 pulsations in driving extreme dB∕dt is complicated and
unclear; therefore, more investigations need to be performed to distinguish how surface dB∕dt response is
impacted by this activity.

Lastly, even though there is a clear association between the extreme surface dB∕dt and various observa-
tions/measurements shown here, more work needs to be done, and we encourage space weather researchers
to undertake such efforts. A more comprehensive coordinated ground-based and space-borne investigation
is required to create a better picture of the external/internal triggers of localized intense dB∕dt events and
their relation to substorms and other processes. We recommend placing particular emphasis on the need to
understand the spatial and temporal characteristics of localized dB∕dt drivers.
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