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Abstract Intense geoelectric fields during geomagnetic storms drive geomagnetically induced currents in
power grids and other infrastructure, yet there are limited direct measurements of these storm-time geoelectric
fields. Moreover, most previous studies examining storm-time geoelectric fields focused on single events or
small geographic regions, making it difficult to determine the typical source(s) of intense geoelectric fields. We
perform the first comparative analysis of (a) the sources of intense geoelectric fields over multiple geomagnetic
storms, (b) using 1-s cadence geoelectric field measurements made at (c) magnetotelluric survey sites
distributed widely across the United States. Temporally localized intense perturbations in measured geoelectric
fields with prominences (a measure of the relative amplitude of geoelectric field enhancement above the
surrounding signal) of at least 500 mV/km were detected during geomagnetic storms with Dst minima (Dsz, ;)
of less than —100 nT from 2006 to 2019. Most of the intense geoelectric fields were observed in resistive
regions with magnetic latitudes greater than 55° even though we have 167 sites located at lower latitudes during
geomagnetic storms of —200 nT < Dst_;, < —100 nT. Our study indicates intense short-lived (<1 min) and
geoelectric field perturbations with periods on the order of 1-2 min are common. Most of these perturbations
cannot be resolved with 1-min data because they correspond to higher frequency or impulsive phenomena that
vary on timescales shorter than that sampling interval. The sources of geomagnetic perturbations inducing these
intense geoelectric fields include interplanetary shocks, interplanetary magnetic field turnings, substorms, and
ultralow frequency waves.

Plain Language Summary Geomagnetic perturbations related to various phenomena in the near-
Earth space environment can induce geoelectric fields within the electrically conducting Earth. The geoelectric
field is an important link between phenomena in geospace and geomagnetically induced currents in grounded
electricity transmission networks. To investigate sources of hazardous geoelectric fields during geomagnetic
storms, we use 1-s geoelectric field measurements that are distributed across the United States. Temporally
localized intense perturbations in measured geoelectric fields with prominences of at least 500 mV/km were
detected during geomagnetic storms with a Dst minimum of less than —100 nT from 2006 to 2019. Most of
these perturbations cannot be resolved with 1-min data because they correspond to phenomena that vary on
smaller timescales and higher frequencies. Characteristics and sources of these intense geoelectric fields across
multiple geomagnetic storms and multiple geographic regions are investigated.

1. Introduction

The coupling between the solar wind and the magnetosphere-ionosphere (M-I) system generates various phenom-
ena in the near-Earth space environment including M-I currents that generate geomagnetic perturbations. The
geomagnetic perturbations can in turn induce geoelectric fields within the electrically conducting Earth. In turn
these geoelectric fields drive electric currents that can flow through technological infrastructure in the form of
geomagnetically induced currents (GICs). Therefore, the geoelectric field is an important link between magne-
tospheric/ionospheric phenomena and GICs in grounded electrical transmission networks. Geoelectric fields
enable calculation of GICs and both complement and provide validation against direct measurements of GICs,
which have limited availability to the scientific community. Moreover, GIC levels depend on specific power
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system configurations that change over time, so they are of limited use. Therefore, scientific investigations on
the geoelectric field are needed to make tailored engineering assessments specific to particular power grids
and other infrastructure. In comparison with globally averaged quantities and regional scale geomagnetic field
measurements that have been commonly used for hazard analysis, local activities at smaller spatial scales are best
characterized by local geoelectric field measurements. Furthermore, the geoelectric field directly indicates the
induction hazard; whereas the commonly used indices (Kp, Dst, dB/dt, etc.) for GIC models do not. Therefore,
investigating the sources of intense geoelectric fields in direct measurements helps us gain insights into hazard-
ous GICs that could cause damage to technological infrastructure such as power grids, pipelines, and submarine
cables (e.g., Pulkkinen et al., 2017).

Various interplanetary (IP) and M-I sources have been reported to be associated with large geoelectric fields,
GICs, or geomagnetic perturbations. Ionospheric current systems in the auroral region during geomagnetic
storms and substorms have long been attributed to intense GICs at high and middle latitudes during nighttime
(e.g., Freeman et al., 2019; Viljanen, 1997). At low latitude and equatorial regions, equatorial electrojet currents
and IP shocks have been reported to induce GICs on the dayside (e.g., Espinosa et al., 2019; Kappenman, 2003;
Zhang et al., 2015). Recent studies have shown that geomagnetic pulsations also known as ultralow frequency
(ULF: 1 mHz to 1 Hz) waves can drive significant GICs and intense geoelectric fields even at midlatitudes (e.g.,
Hartinger et al., 2020; Heyns et al., 2021; Yagova et al., 2021). Other causes related to large GICs such as auroral
activity (e.g., Apatenkov et al., 2020) and interplanetary magnetic field (IMF) northward and southward turnings
(e.g., Tsurutani & Hajra, 2021) have also been reported in recent studies.

In this study, we use direct measurements of geoelectric fields to identify the characteristics and sources of
intense geoelectric fields, advancing previous work examining sources of GICs in several ways:

1. We use direct geoelectric field measurements, whereas other studies rely on dB/dt or AB as a proxy.

2. We use geoelectric fields rather than GIC measurements for a single type of system. GIC measurements are
usually not publicly available and the results cannot be generalized from one type of system configuration to
another, whereas the geoelectric field can be used as part of a hazard analysis in any system.

3. We use 1-s geoelectric field measurements that can resolve transient signatures and wave activity with time
scales shorter than 1 minute; while others utilize geoelectric field estimates derived from geomagnetic field
measurements and Earth conductivity but limit their analysis to 1-min geomagnetic field data. Sometimes
uniform Earth conductivity assumption or a one-dimensional layered conductivity model is used when
magnetotelluric (MT) transfer functions are not available (e.g., Blanch et al., 2013; Gil et al., 2021).

4. We use multiple stations spread over wide geographic regions during multiple geomagnetic storms, whereas
other studies usually focus on small geographic regions during a single geomagnetic storm.

2. Data Sets and Methodology
2.1. Time Series Data

Geoelectric and geomagnetic field measurements at 1-s cadence used in this study are obtained from temporary
EarthScope sites, the MT component of the USArray program (Schultz, 2010; Williams et al., 2010). Each
EarthScope site measures two horizontal components of the geoelectric fields and all three components of the
geomagnetic fields for an approximately 3-week period to obtain the Earth's surface impedance characterizing the
relationship between geomagnetic and geoelectric field variations (Kelbert et al., 2019). The measurements are
typically made at small arrays of synchronously recording stations that then move to different locations, resulting
in a grid sampling of about 70 km across the United States as shown in Figure 1.

OMNI solar wind data (IMF and velocity) and geomagnetic indices (AE and SYM-H) at 1-min resolution
obtained from the Coordinated Data Analysis Web (CDAWeb) are used to investigate the upstream solar wind
and M-I sources of intense geoelectric fields. Dst data from the World Data Center for Geomagnetism, Kyoto
are used to select geomagnetic storms (World Data Center for Geomagnetism, Kyoto et al., 2015). We survey
Dst data from 2006 to 2019 when 1-s geoelectric field measurements are available and find 16 storms with a Dst
minimum of less than —100 nT (Dst_,, < —100 »T) and during which at least six EarthScope sites have geoelec-
tric field measurements. Columns 2-3 in Table 1 show the dates and Dst minimum during each storm. The start
date of a storm is identified as the first response in the Dst index, which is usually the increase of the Dst index
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Figure 1. This map shows the location of 1,300 EarthScope and Alberta Array magnetotelluric sites from 2006 to 2019.

Table 1

List of Geomagnetic Storms and Available EarthScope Sites

Event Category

Date

Dst

‘min

Number
of Sites

6 storms with large
geoelectric fields

(IEl > 500 mV/km)

2011-09-26 to 2011-10-01
2011-10-24 to 2011-10-31
2012-07-14 to 2012-07-21
2013-06-27 to 2013-07-03
2017-05-27 to 2017-06-01
2017-09-07 to 2017-09-12

—118
—147
—139
-102
=I25
—124

16 (6)°
12 (5)
14 (8)
14 (1)
13 (2)
19 (4)

10 null event storms

(IE1 < 500 mV/km)

2011-08-05 to 2011-08-11
2012-09-30 to 2012-10-06
2012-10-07 to 2012-10-12
2013-05-31 to 2013-06-06
2015-06-21 to 2015-06-28
2015-10-06 to 2015-10-12
2015-12-19 to 2015-12-26
2015-12-31 to 2016-01-04
2016-10-12 to 2016-10-16
2018-08-25 to 2018-08-31

—115
=22
—109
—124
—204
—124
—-155
—110
—104
-174

21
24
28
15
12
6
12
8
20
10

aShown in the parenthesis is the number of sites that detected intense

geoelectric fields.

in response to a compression of the magnetosphere caused by an IP shock.
The storm end date is identified when the Dst index recovers to the pre-storm
values or as the seventh day from the start date if it takes more than 7 days
for the Dst index to recover to pre-storm values. The duration of each storm
ranges from four to seven days with an average duration for all 16 storms of
5.75 days. The last column in Table 1 shows the number of available Earth-
Scope sites that had at least one full day recording for each geomagnetic
storm and the number of sites (in the parenthesis) that detect intense geoe-
lectric fields using the algorithm described below. Note that not all sites had
measurements throughout a geomagnetic storm, the average recording time
of all available sites during 16 storms is about 4.6 days.

2.2. Geoelectric Field Peak Detection Algorithm

The scipy. signal.find_peaks (Virtanen et al., 2020) function is used to find
peaks/valleys in geoelectric field measurements for two horizontal compo-
nents E_(geographic north-south) and E (geographic east-west). This func-
tion finds all local maxima by comparing neighboring values in a 1-D array.
To find both peaks and valleys, the function operates on the absolute values
of the geoelectric field data. Hereafter, we call each identified event as a
“peak” for the sake of convenience. A peak is detected if it meets the follow-
ing criteria: (a) it must be topologically prominent above the surrounding
signal by at least 500 mV/km (i.e., IEL ominence = 500 mV/km); (b) it must have
a minimum width of 3 s; and, (c) it must be separated from an adjacent peak
by at least 30 s (Arritt, 2020).
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Figure 2. Example of peaks identified using the algorithm described in the text. (a) Idealized example of peaks (orange
crosses) with prominences of at least 1. Vertical orange line indicates the prominence of the peak. Horizontal orange dashed
and red solid lines indicate the width and the lowest contour line of the peak, respectively. Event example of geoelectric field
peaks/valleys identified in the (b) E, and (c) E, component at sitt MND35 from 01:20 to 01:40 UT on 25 October 2011.
Orange crosses and magenta stars are identified peaks/valleys and bad data values, respectively.

An idealized example of peaks (marked as orange crosses) with prominences of at least one is shown in Figure 2a.
Note that the prominence of a peak (vertical orange lines in Figure 2a) is not necessarily the same as the absolute
value of the peak. The prominence is calculated as the vertical difference between the peak's height itself and its
lowest contour line (horizontal red lines in Figure 2a), which is defined as follows:

1. Extend a horizontal line from the present peak to the left and right until the line either reaches the window
border or intersects the signal again at the slope of a higher peak. An intersection with a peak of the same
height is ignored.

2. On each side find the minimal signal value within the interval defined above. These points are the peak's
bases. The higher of the two bases marks the peak's lowest contour line.

The width of a peak (horizontal orange dashed lines in Figure 2a) is then defined at half the prominence height.
One event example of intense geoelectric fields identified using the algorithm described above is shown in
Figures 2b—2c. Note for real events, unlike the idealized example in Figure 2a, the function operates on the abso-
lute values of the geoelectric field data to find both peaks and valleys. In total, seven peaks/valleys were identified
in the E, component (Figure 2b) and two in the E component (Figure 2c). The only outlier marked as a magenta
star in the E_ component is a bad data value in the geoelectric field measurements. All identified geoelectric field
events are visually inspected, outliers and artifacts (such as the one shown in Figure 2b as a magenta star) that
cannot be filtered using the above algorithm are manually removed.
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3. Statistics of Intense Geoelectric Fields

The geoelectric field peak detection algorithm described in the last section was applied to data collected at 203
EarthScope sites during the 16 geomagnetic storms listed in Table 1. The storms are sorted into two categories:
storms with intense geoelectric fields and null event storms as shown in Column 1 of Table 1. One reason some
strong storms lack signatures of intense geoelectric fields (e.g., Dst ;,, of —204 nT in June 2015 and —174 nT
in August 2018 are null event storms) is because we are not sampling the same local conditions during each
event - for example, some of the more extreme storms might have occurred when EarthScope sites were located
at low latitudes or regions of low lithospheric resistivity. Figure 3 shows the location of (a) 203 available Earth-
Scope sites during 16 geomagnetic storms and (b) 24 EarthScope sites where intense geoelectric fields were
actually identified. All sites are color coded with the Berdichevsky average apparent resistivity (Berdichevsky
& Dmitriev, 1976) at the period of ~500 s. Note that blue (red) dots indicate resistive (conductive) regions. The
available EarthScope data were from sites located in the eastern and central United States and below 58° magnetic
latitude (MLAT) (red dashed line at the top in Figure 3a). The 24 sites that observed intense geoelectric fields
were located in the upper midwest and northeastern United States and all within resistive regions (blue dots in
Figure 3b). Most of these sites were located above 55° MLAT (red dashed line at the bottom). The novelty of the
EarthScope data used in this study is direct measurements of geoelectric and magnetic fields spread over wide
geographic regions (Figures 1 and 3a). This enables investigation of a more comprehensive picture of the causes
of intense geoelectric fields because we examine more than one storm and in a range of geologic settings using
direct measurements of geoelectric fields.

In total, 361 intense geoelectric field peaks were identified in data collected at 24 EarthScope sites during six
geomagnetic storms, of which, 130 peaks were identified in the E, (north-south) component (Figure 4a) and 231
peaks were identified in the E (east-west) component (Figure 4b). Width versus prominence of the detected
intense geoelectric field peaks are shown in Figure 4. Most events have a prominence less than 1,000 mV/km and
a width less than 200 s (Figure 4c). Extreme events can have a prominence up to 1,000-2000 mV/km, comparable
to the thresholds commonly used to identify hazardous events (Lucas et al., 2020). Note that 73.4% of the events
have a width less than 60 s and thus are difficult to resolve with 1-min resolution data. The event list with infor-
mation on the properties of each peak is provided in Zenodo (https://doi.org/10.5281/zenodo.6338092).

We next examine how reliable dB/dt is as a proxy for geoelectric fields. The corresponding IdB /dtl (top panels)
and |dB /dil (bottom panels) of intense geoelectric field events as a function of the prominence for the E, compo-
nent (left) and the E, component (right) are shown in Figure 5. Geoelectric field peaks in the E, (E,) component
are generally associated with larger IdB)/dtI (IdB,/d1l), that is, more large |dB/dt| events (IdB/dtl > 2 nT/s) are shown
in Figures 5b and 5c; while most IdB/dtls have values less than 2 nT/s (red horizontal dashed line) in Figures Sa
and 5d. The fact that some large |dB/d1ls are also seen in Figures 5a and 5d indicates that geoelectric fields and dB/
dt are not strictly orthogonal, which is consistent with realistic three-dimensional (3D) Earth conductivity. Note
that the intense geoelectric fields were detected from 24 EarthScope sites that are all quite resistive (Figure 3b),
although there are other resistive sites at lower latitudes that did not detect intense geoelectric fields (Figure 3a).
This result shows that dB/dt is not always a reliable indicator of intense geoelectric fields, which depend on
multiple factors including Earth conductivity and sources that drive them (J. J. Zhang et al., 2020), which will be
discussed in the next section.

We also examine the spatial distribution of these intense geoelectric fields. Figure 6a shows the MLAT versus
magnetic local time (MLT) distribution of all events. Both dayside and nightside events were observed with a
concentration of intense geoelectric fields in the post-midnight sector. The upper limit in the MLAT (first red
horizontal dashed line on the top) is caused by a lack of data coverage at higher latitudes (Figures 3a and 6b). By
contrast, the lower limit in MLAT (second red horizontal dashed line) is physical because we have 167 Earth-
Scope sites located at MLAT <55° (Figure 6b) but very few events were identified (Figure 6a). This indicates that
intense geoelectric fields are generally rare at MLAT <55° during storms for which —200 nT < Dst, . < =100 nT.

4. Sources of Intense Geoelectric Fields

To investigate typical sources of intense geoelectric fields during geomagnetic storms, we visually inspected all
the peaks in a format as shown in Figure 7, which includes (a-b) IMF and solar wind velocity from OMNI, (c-f)
two horizontal components of geoelectric and geomagnetic fields from an EarthScope site, (g) AE index, and (h)
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Figure 3. Spatial distribution of (a) 203 available EarthScope sites during the 16 geomagnetic storms; (b) 24 EarthScope sites that detected intense geoelectric fields
during geomagnetic storms. The red dashed lines from top to bottom indicate MLAT of 58° and 55°, respectively.

SYM-H index. Figure 7 shows an example summary plot during the 24-25 October 2011 storm, which was driven
by a coronal mass ejection as reported by Blanch et al. (2013) and Zou et al. (2013). We only show observations
from the first two days of the storm because intense geoelectric fields were detected on both days at site MND35.
The IP shock arrived at the Earth around 18:31 UT on 24 October 2011 (Figures 7a and 7b and other upstream
satellite measurements not shown) and caused the storm sudden commencement (SSC), which can be identified
from ground magnetometer measurements (Figures 7e and 7f) and SYM-H index (Figure 7h). The first two
peaks in the £ component are identified to be associated with the IP shock due to the closely coincident timing
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1034 (@)} «  Expeaks with the SSC. The second group of geoelectric field peaks in both E, and E,
i components are identified to be associated with an IMF turning (Figure 7a).
g 10 E:' . La.rge magnetic field perturbati(.)ns are also obs.er\./ed afte.:r the IMF turnin.g
p b L. ° (Figures 7e and 7f). More details on the association of intense geoelectric
_'g 10t ﬁ . fields with possible sources will be analyzed later in the paper.
_____fi__ A ST YT ST S After meticulous inspection of all geoelectric field peaks, we categorised the
100 H i i sources into five classes: IP shock (C1), IMF turning (C2), substorm (C3),
400 1000 2000 ULF wave (C4), and others (C5). Table 2 summarizes these potential sources
103] (O) 1, . Ey peaks associated with the intense geoelectric field events during six geomagnetic
b storms using the the algorithm described in Section 2.2. Storm date in the
g 102 i . first column is defined to be the date when the Dst index reached its mini-
£ i ,‘&..’.‘:_f: e mum value during the storm. For each source category, multiple EarthScope
5 3 adte e o 2 sites usually observed the same phenomenon at approximately the same time.
= 10%; : For ULF wave and substorm related sources, multiple geoelectric field peaks
"""""" i were usually identified from one site. The UT time and corresponding MLT
100400 1000 2000 for the first peak from one site are listed for each category. For some catego-
ries, when multiple peaks from multiple sites were identified, a time interval
104 e All peaks in UT and MLT is then provided. When there is no obvious source identified
— or further investigation is needed to confirm a source, we classify them as
E 1024 R IY . others (C5). Event examples for each category are shown in the following
< *i‘;': S L subsections.
o 0,7 Ny ° o’
2 1014 °
100 ' ' 4.1. IP Shock
400 promineigg(}mv/km] 2000 The impact of an IP shock causes what is known as a sudden impulse (SI)
observed by ground magnetometers or an SSC if followed by a geomagnetic
Figure 4. Distribution of geoelectric field peak width versus prominence storm (Joselyn & Tsurutani, 1990). Figure 8 is a zoomed-in version of the

for (a) the E, component, (b) the E_v component, (c) both components. The
red vertical and horizontal dashed lines indicate the minimum prominence of
500 mV/km and the minimum width of 3 s, respectively.

data shown in Figure 7 centered on the IP shock arrival at ~18:31 UT. As
reported in Blanch et al. (2013), upstream satellites including WIND, ACE,
and THEMIS B observed the IP shock at 17:39, 17:48, and 18:22 UT, respec-
tively. The first intense geoelectric field event was observed at 18:31:41 UT
by the MND?35 site, which was located at Tidd Lake, Minnesota. This peak
has a prominence of 1,670 mV/km and a width of 3.5 s. The corresponding dB /dt and dB /di are —5.910 nT/s
and —5.160 nT/s, respectively. A similarly intense geoelectric field peak can be identified in the MNE35 site at
18:31:41 UT (not shown). Both sites were located around local noon when the IP shock impinged on the Earth's
magnetosphere (see Table 2 for MLT information). These transient intense geoelectric fields cannot be resolved
in 1-min resolution geoelectric and geomagnetic field data. Note the second peak observed at 18:32:26 UT is
associated with IP shock driven ULF waves and the properties of this category are different from the IP shock
direct driven transient peak as discussed above. Details on ULF wave related intense geoelectric fields will be
discussed in a later section.

Blanch et al. (2013) also calculated the geoelectric fields in the Catalan sector (northeastern Spain) on 24-25
October 2011 using the plane wave assumption and uniform Earth conductivity. They found the E, compo-
nent with an amplitude of 100-150 mV/km was much larger than the E, component during the SSC. While the
event at 18:31 UT showed approximately equal dB/dt in both x and y directions, for the two EarthScope sites
in Minnesota (MND35 and MNE35), it is the E component that had a larger amplitude (Figures 8c and 8d)
due to 3D realistic Earth conductivity. These sites showed pronounced enhancement in the E, response due to
their location atop electrically resistive granite and adjacent to a conductive sulfide-rich basin (Bedrosian, 2016;
Murphy et al., 2021). This 3D subsurface conductivity distribution gives rise to pronounced current channeling
and is the ultimate cause of the asymmetry in the measured geoelectric fields. For the other three storms with
intense geoelectric fields observed in association with an IP shock as shown in Table 2, it is the £, component
that dominated, although two sites also observed intense geoelectric fields in the E, component. It is common
to assume an idealized driver like an IP shock generates perturbations only in the north-south component of the
magnetic field at mid- and low-latitudes. In this idealized scenario, if we assume uniform Earth conductivity, that
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Figure 5. Distribution of ldB /dtl (top panels) and ldB, /dtl (bottom panels) associated with intense geoelectric field events versus prominence for the E, component (left)
and the E, component (right). The red and black horizontal dashed lines indicate the |dB/d1l of 2 nT/s and 0 nT/s, respectively.

means we would expect to get very small prominences in the £ component and very large prominences in the
E, component. However, our results show that more realistic models for IP shocks with an elliptically polarized
B, and more realistic Earth conductivity that is inhomogeneous, will produce a mix of prominences in E_ and E,
components (Figure 4).

4.2. IMF Turning

A recent study by Tsurutani and Hajra (2021) showed that IMF northward and southward turnings are one cause
of intense GICs at the Mintsild, Finland gas pipeline. In this study, we also found two storms with intense geoe-
lectric fields associated with IMF turnings as shown in Table 2. Figure 9 shows one example that also occurred
during the 24-25 October 2011 storm. The IMF rotated from southward (negative B.) to duskward (positive B,
Figure 9a), corresponding to the start of the recovery phase of the geomagnetic storm (Figure 7h). The MNE35
site was located at MLT ~19 hr when intense geoelectric fields were observed between 01:25 and 01:35 UT in
response to this IMF turning (Figures 9c-9d). The time delay between the IMF turning from OMNI and the first
intense geoelectric field peak observed around dusk is ~12 min, which is consistent with the reconfiguration
timescales of ionospheric convection in response to IMF turnings (e.g., Murr & Hughes, 2001). Large magnetic
field perturbations (AB ~300 nT) were also observed between 01:25 and 01:35 UT in Figures 9e-9f. The intense
geoelectric fields and geomagnetic field perturbations were likely produced by a current system/convection
reconfiguration in response to the IMF turning, although further analysis of multi-point ground and space-based
observations is needed to confirm this. Note that IMF turnings can sometimes trigger substorms, and we can see
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Figure 6. (a) Magnetic latitude (MLAT) versus magnetic local time distribution of intense geoelectric field events during storms. (b) Histogram of the number of
EarthScope sites during 16 storms as a function of MLAT. The red horizontal dashed lines from top to bottom indicate MLAT of 58° and 55°, respectively.

the gradual increase of the AE index after the IMF turning in Figure 9g. However, the intense geoelectric fields
were only observed at dusk during relatively low AE index (<450 nT) between 01:25 UT and 01:35 UT rather
than when the AE index increased to 800 nT at 01:45 UT. We therefore attribute the source of this event as IMF
turning instead of substorms.

Also noteworthy is the fact that small-scale ULF waves were superposed within the positive and negative bays in
two horizontal magnetic field time series (Figures 9e-9f). Similar structures were also observed in the geoelectric
fields, that is, shorter period waves embedded in longer period perturbations. Thus this event could potentially
fit in the ULF wave category as well. A clearer example of ULF waves during the same time interval from the
MND38 site is shown in Figure S1 in Supporting Information S1. Due to the superposition of perturbations
with different periods, five peaks were identified in the two horizontal geoelectric field time series as shown in
Figures 9c-9d. The largest prominence of the peaks is 1,500 mV/km. The geoelectric field peak associated ldB /
dtl values (varying from 2.3 to 5.0 nT/s) are consistently larger than the IdB /dfl. In total, five EarthScope sites
observed intense geoelectric fields during this time interval. Another exampfe from the MND35 site has already
been shown in Figures 2b and 2c¢ (zoomed in) and Figure 7 (zoomed out). Due to heterogeneous Earth conduc-
tivity, the geoelectric field response from five different sites separated from each other by distances ranging from
70 to 400 km are different although the geomagnetic field perturbations are similar, which is consistent with
previous studies (Bedrosian & Love, 2015; Hartinger et al., 2020).

4.3. Substorm

Large geoelectric and geomagnetic field perturbations and GICs have long been reported to be associated with
substorms. In this study, most of the intense geoelectric fields in this category were impulsive events and irreg-
ular pulsations that occurred during large AE index intervals on the nightside, which are most likely related to
substorms. Figure 10 shows an example of intense geoelectric fields observed at site MNC35 during substorms
on 15 July 2012 during the main phase of the geomagnetic storm. The largest peak prominence (1,600 mV/
km) was detected in the E component at 07:44:17 UT with the corresponding dB /dt = —5.98 nT/s and dB /
dt = 0.89 nT/s. Note that a few spikes in the E| component indicated as magenta stars in Figure 10d are artifacts
due to bad data values similar to the one shown as a magenta star in Figure 2b. These artifacts were visually
inspected and removed from the statistical analysis presented in Section 3. In total, there are 14 EarthScope
sites available in Minnesota and Iowa on this date. Eight sites observed similar impulses between 07 and 12
UT. As shown in Figure 10, these events are usually detected by multiple sites and grouped together in time
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Figure 7. Interplanetary parameters and geomagnetic indices associated with intense geoelectric field events from site
MND35 during the 24-25 October 2011 storm. From top to bottom: (a) interplanetary magnetic field in Geocentric solar
magnetospheric coordinates; (b) solar wind velocity; (c) the north-south component of geoelectric fields observed at site
MND35; (d) the east-west component of geoelectric fields observed at site MND335; (e) the north-south component of
geomagnetic fields observed at site MND35; (f) the east-west component of geomagnetic fields observed at site MND?35; (g)
AE index; and (h) SYM-H index. Orange crosses are identified geoelectric field peaks.

during substorms. The first group of intense geoelectric fields observed between 07:20 and 08:20 UT are shown
in Figure S2 in Supporting Information S1, in which geoelectric field impulses and irregular pulsations can be
clearly seen. The driving mechanisms for these nightside intense geoelectric fields may vary from event to event
and likely include large-scale auroral electrojets and localized current structures (Apatenkov et al., 2020; Belak-
hovsky et al., 2018, 2019; Engebretson et al., 2019), but definitive identification of the specific driver(s) in this
case is beyond the scope of this study.

4.4. ULF Wave

The information presented in Table 2 shows ULF (1 mHz to 1 Hz) waves are one of the most common sources of
intense geoelectric fields and have been detected in four out of six geomagnetic storms. One example of intense
geoelectric fields driven by ULF waves during the 28 May 2017 storm is shown in Figure 11. Long period
quasi-sinusoidal waves can be clearly seen in the geoelectric and geomagnetic field time series (Figures 11c—11f).
These waves have been reported by Wang et al. (2020) as storm time Pc5 ULF pulsations observed by the Poker
Flat Incoherent Scatter Radar and ground magnetometers. Our detection algorithm is able to detect several peaks
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g;;:;lrfl:ry of Possible Sources of Intense Geoelectric Fields During Six Geomagnetic Storms

Storm date (Dst, ;) IP shock C1 ~ IMF turning C2 Substorm C3 ULF wave C4 Others C5
2011-09-26 09-26/12:36 09-26/19:37 09-26/12:39 09-26/20:54
(=118 nT) MLT: 6.4 hr MLT: 13.4 hr MLT: 6.4 hr MLT: 14.6 hr
2011-10-25 10-24/18:31 10-25/01:30 10-24/18:32

(=147 nT) MLT: 12.3 hr MLT: 19.2 hr MLT: 12.3 hr

2012-07-15 07-14/18:12 07-15/07:00-12:00 07-15/04:58 07-15/00:43
(=139 nT) MLT: 11.6 hr MLT: 0-5 hr MLT: 22.3 MLT: 18.4 hr
2013-06-29 06-29/04:00-12:00

(=102 nT) MLT: 22-06 hr

2017-05-28 05-28/03:00-05:00

(=125 nT) MLT: 23-01 hr

2017-09-08 09-07/23:02 09-08/00:00-02:00 09-08/13:00-15:00
(=124 nT) MLT: 16.4 hr MLT: 19-21 hr MLT: 6.3-8.3 hr

and valleys of the waves when their prominences exceeded the 500 mV/km threshold. Unlike more transient
peaks associated with IP shocks and substorms, the geoelectric field peaks associated with ULF waves during
this storm have smaller prominence (<1,000 mV/km), longer width (a few hundred seconds), and smaller dB/dt
(on the order of 0.1 nT/s).

ULF wave activity as a source of intense geoelectric fields has one characteristic that sets it apart from the other
sources. Specifically, ULF waves can directly drive geomagnetic and electric perturbations while the other three
sources are more or less indirect sources that are related to intense geoelectric fields through several possible
mechanisms. Using the IP shock as an example, it is the IP shock generated sudden enhancement of the magnet-
opause current and field-aligned currents that drive geomagnetic perturbations, which in turn induce geoelectric
fields, rather than the IP shock directly. Definitive identification of sources is challenging because intense geoe-
lectric fields are sometimes associated with multiple sources simultaneously. For example, ULF waves can be
driven by IP shocks and substorm activity (Oliveira et al., 2020; D. Zhang et al., 2020; James et al., 2013). The
second geoelectric field peak in the E_component in Figure 8c is associated with ULF waves driven by the IP
shock. The intention of this paper is not to distinguish different sources on a case-by-case basis; rather, our aim
is to provide improved understanding of which sources may be most prevalent during geomagnetic storms and
highlight the considerable variability in the causes of intense geoelectric fields due to dependence on multiple
factors, such as surface impedance and local time.

5. Discussion

Using 1-s geoelectric field measurements collected across the United States, we have investigated characteristics
and sources of intense geoelectric fields with prominences of at least 500 mV/km that occurred during six sepa-
rate geomagnetic storms. This multi-storm, multi-station analysis using direct geoelectric field measurements
reveals new insights into the causes of extreme geoelectric fields. First, it is not straightforward to classify the
sources of intense geoelectric fields because, sometimes, more than one mechanism contributes. Past studies
tended to associate intense geoelectric fields/GICs with drivers that are one step removed from the geomagnetic
fields that induce the geoelectric fields, such as IP shocks and IMF turnings that drive M-I currents/waves, which
in turn couple to geomagnetic and geoelectric fields (e.g., Tsurutani & Hajra, 2021). This is an oversimplification
and can potentially cause us to miss other very important factors that contribute to the geoelectric fields. For
example, the IP shock and IMF turning in this study trigger waves seen in geomagnetic fields, and these are what
lead to some intense geoelectric fields. We need to consider the intermediate steps - that is, the specific current
systems/waves driven by the IP shocks/IMF turning/substorms - to better model and predict extreme geoelectric
fields.
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Figure 8. Close-up in time of the intense geoelectric fields associated with the interplanetary shock as observed at site
MND35.

The second insight is that intense geoelectric fields depend on both the magnetosphere/ionosphere source and
surface impedance as shown in Table 1 and Figure 6. We use the 2015 June null event storm shown in Table 1
as an example. Because the EarthScope sites during this storm were mainly located at low latitudes and low
resistive regions in Kentucky and Tennessee, no intense geoelectric field was observed even though it was the
strongest storm (Dst_. = —204 nT) among the 16 storms we have surveyed. One example as observed at site
TNV47 is shown in Figure 12. At the main phase of this storm, large magnetic perturbations were observed
(Figures 12e—12f) at site TNV47, but the geoelectric field perturbations were relatively small (<500 mV/km)
due to surface impedance and thus not detected by our algorithm. (Note that there exist a few geoelectric field
peaks above 500 mV/km on June 24 and 27. These are spikes due to bad data values with a peak width less than
3 s (Figure S3 in Supporting Information S1) and thus were not detected by our algorithm.) This is related to our
finding that most intense geoelectric fields are constrained to resistive regions where MLAT >55° during storms
for which =200 nT < Dst_;, < —100 nT (Figures 3b and 6a). A similar latitude threshold boundary in horizontal
geomagnetic field and the induced geoelectric field fluctuations has also been reported by previous studies (e.g.,
Ngwira et al., 2013; Pulkkinen et al., 2012; Rogers et al., 2020), which is likely related to the maximum possible
extent of equatorward expansion of the auroral electrojet current system. Note that more extreme storms (Dst,
< =200 nT) could push the auroral zone farther south, which may result in some intense geoelectric fields being
observed beyond the latitude threshold identified in this study.

min
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Figure 9. Similar to Figure 7, but for intense geoelectric fields associated with an interplanetary magnetic field turning and
observed at sitt MNE35.

This study also shows that the sources of intense geoelectric fields differ from storm to storm (Table 2). This
introduces another factor that affects the measured geoelectric fields: the location of observations relative to the
source. Some sources have stronger impacts on the dayside (e.g., IP shocks and IMF turnings) and some on the
nightside (e.g., substorms). Also, some sources have a global impact whereas others are more regional. One site
can easily miss geoelectric impulses generated by small-scale currents during substorms if the site was located on
the dayside or far away from the source region on the nightside. Although an IP shock can cause a global impact
on the M-I coupled system (Belakhovsky et al., 2017), the response of a site located on the dayside and nightside
at the same MLAT would be very different. Even if two sites were located at the same meridian on the dayside,
the response at high latitudes and low latitudes would also be very different. All these factors contribute to the
variability in the sources of intense geoelectric fields observed during geomagnetic storms and make the predic-
tion of hazardous geoelectric fields and GICs challenging. These also lead to challenges in determining the most
dominant source of intense geoelectric fields during geomagnetic storms. According to Table 2, both IP shocks
and ULF waves occurred during four out of six geomagnetic storms. However, intense geoelectric fields occur-
ring during substorms are usually detected by multiple sites and grouped together in time (Figure 10). We do not
count the number of events for each category since it is challenging to distinguish between different sources and
multiple sources can occur simultaneously. Future data analysis and modeling work is needed to quantitatively
determine the most common source.
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Figure 10. Similar to Figure 7, but for intense geoelectric fields observed during substorms at site MNC35.

Another point we would like to emphasize is the unique role of ULF wave activity as a direct driver of intense
geoelectric fields during geomagnetic storms. Note that the drivers of ULF waves vary from external sources such
as IP shocks to internal sources such as particle injections during substorms (Shi et al., 2018, 2020). However,
these external and internal sources can also drive intense geoelectric fields via mechanisms other than ULF
waves. Note that compared to the other mechanisms discussed, long-period ULF waves have sustained peak
geoelectric fields and thus may have a relatively stronger impact on infrastructure. For the 28 May 2017 storm,
as shown in Table 2, Pc5 ULF waves lasting for a few hours (Figure 11) are the only identified source to drive
intense geoelectric fields at the EarthScope sites located in the northeast region of the United States. It has
been shown that ULF waves are capable of driving intense geoelectric fields of ~1,000 mV/km at mid-latitudes
during moderate storms (Hartinger et al., 2020). In extreme cases during strong geomagnetic storms (e.g., the
2003 Halloween storm), it is believed that ULF waves can drive hazardous geoelectric fields and GICs (Heyns
etal., 2021).

While past studies examining storm-time geoelectric fields based on observations from one station or during
a single storm, this study indicates that multiple factors need to be taken into account based on comparative
analysis of intense geoelectric fields during multiple geomagnetic storms. One novel piece of this investiga-
tion is the use of a large number of EarthScope sites across the United States that enables us to sample many
geographic regions (and various geologic settings) during multiple geomagnetic storms and at high time reso-
lution. Previous statistical studies have tended to use 1-min resolution geoelectric and geomagnetic field data,
which likely missed certain types of events such as ULF waves with periods on the order of 1-2 min or less
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Figure 11. Similar to Figure 7, but for intense geoelectric fields associated with ultralow frequency waves and observed at
site MEF62.

(Figures 8, 9, and S1 in Supporting Information S1) and impulses with a duration less than 1 min (Figure 8).
Our study indicates intense short-lived and/or high frequency geoelectric field events are quite common. From
the operational point of view (e.g., NOAA Space Weather Prediction Center), producing 1-min geoelectric or
geomagnetic field data is more practical and efficient for the purpose of prediction. However, in order to make
the prediction more accurate, improve models would be needed to capture missing physics and to increase the
temporal and spatial resolution. For example, in predictive models of extreme geoelectric fields, based on our
analysis of these events, 3D Earth conductivity and realistic model of current systems driven by IP shocks and
IMF turnings would ideally be taken into account. Such effort has been made by NOAA to generate geoelec-
tric field maps with a recently upgraded 3D empirical conductivity model (https://www.swpc.noaa.gov/news/
geoelectric-field-map-upgrade-3d-empirical-conductivity-model). As pointed out in Ngwira et al. (2015) and
Hartinger et al. (2020), it is challenging to identify the processes that drive extreme geoelectric fields. An inter-
disciplinary community-wide effort involving the MT, space science data analysis, space weather modeling,
and the power system engineering communities would be beneficial to advance our understanding of hazardous
geoelectric fields and GICs.
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Figure 12. Similar to Figure 7, but for geoelectric fields observed at site TNV47.

6. Conclusions

In summary, an algorithm was applied to directly measured 1-s geoelectric field data from 203 EarthScope sites
during 16 geomagnetic storms to find temporally localized peaks. Most of the intense geoelectric field peaks
were observed in resistive regions with MLATS greater than 55°. Various sources of intense geoelectric fields
have been identified during geomagnetic storms, namely, IP shocks, IMF turnings, substorms, and ULF waves.
The sources of intense geoelectric fields differ from storm to storm. This is likely because the generation of geoe-
lectric fields depends on multiple factors including regional Earth conductivity, sources from the solar wind and
M-I system, as well as the location of observations relative to these sources. Extreme geoelectric fields related
to these sources can have amplitudes of 1,000-2000 mV/km, comparable to the thresholds commonly used to
identify hazardous events.

Data Availability Statement

The Dst data used in this paper was provided by the World Data Center for Geomagnetism, Kyoto (http://wdc.
kugi.kyoto-u.ac.jp/dstdir/index.html). The event list with information on the properties of identified intense geoe-
lectric fields can be found in Zenodo (https://doi.org/10.5281/zenodo.6338092). The OMNI data were obtained
from the GSFC/SPDF OMNIWeb interface at https://omniweb.gsfc.nasa.gov.
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