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Abstract Enhanced solar wind-magnetosphere energy coupling during geomagnetic disturbances leads to
strong geomagnetic field-aligned currents (FACs). While variations of FACs during geomagnetic storms and
substorms have been well explored, there is no systematic study of FACs during high-intensity long-duration
continuous auroral electrojet activities (HILDCAAs). Substorm studies usually involve the quiet solar wind and
storm studies typically involve interplanetary coronal mass ejections and their sheaths, while HILDCAAs
typically involve high-speed streams. Here we present, for the first time, a statistical study of HILDCAA-related
FAC variation based on measurements by the Active Magnetosphere and Planetary Electrodynamics Response
Experiment from 2009 through 2023. During HILDCAAs, FACs are found to extend in a large region, from the
pole down to ~65° magnetic latitude, with a characteristic peak intensity ~5 times the quiet time FAC intensity.
The FAC intensity variation is characterized by periodicities of ~19 and ~11 hr (in descending order of spectral
power), well correlated to the auroral electrojet current westward component SML. On average, the HILDCAA-
related FAC variation is delayed from the Alfvén wave interplanetary magnetic field B, component fluctuations
by ~28 + 17 min. The HILDCAA onset is marked by a sharp increase in average FAC intensity temporal
profile, peaking ~14 hr after the HILDCAA onset time. The HILDCA A-related FAC intensification is found to
be associated with enhanced magnetic flux opening and energy transfer at the dayside magnetopause. The
results are consistent with FAC relationships with solar wind variations and geomagnetic conditions reported
previously for geomagnetic storms and substorms.

Plain Language Summary Energy flow from the solar wind into the Earth's magnetosphere-
ionosphere system leads to strong geomagnetic field-aligned currents (FACs). High-intensity long-duration
continuous auroral electrojet activity (HILDCAA) events are associated with strong convection events
continuing for several days to weeks, conducive of strong FAC generation. However, HILDCAA-related FAC
variations are not well understood. Based on a long-term database of FAC measurements, we identified strong
FAC:s extending from the pole down to ~65° magnetic latitude during HILDCAAs. Short-term fluctuations in
FAC:s are found to be correlated to the typical auroral electrojet variations during HILDCAAs, caused by
interplanetary Alfvén waves. From statistical analyses, we identified an association of HILDCAA-related FACs
with enhanced magnetic flux opening and energy transfer at the dayside magnetopause.

1. Introduction

Interplanetary Alfvén waves (Alfvén, 1942; Belcher & Davis, 1971) carried by solar wind high-speed (~550—
850 km s_l) streams (HSSs; Neugebauer & Snyder, 1966; Phillips et al., 1995; Tsurutani et al., 2006) emanated
from solar coronal holes (Krieger et al., 1973) cause high-intensity long-duration continuous auroral electrojet
(AE) activity (HILDCAA) events (Hajra et al., 2013; Tsurutani & Gonzalez, 1987). Magnetic reconnection
(Dungey, 1961) between the Alfvén wave southward components and (northward) geomagnetic fields at the
Earth's dayside magnetopause leads to substorm/convection events during HILDCAAs. Viscous interaction
(Axford & Hines, 1961) also transfers solar wind energy to the magnetosphere. The substorm/convection events,
in turn, lead to enhancements of the auroral region Birkeland currents flowing parallel to the geomagnetic fields,
commonly known as the field-aligned currents (FACs). FACs were first proposed theoretically by Birke-
land (1908, 1913), followed by their space-based identification by the polar orbiting satellite 1962 38C (Zmuda
et al., 1966). The currents electrodynamically couple the magnetopause, the inner magnetosphere, and the
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ionosphere. They consist of two components (Clausen et al., 2012; Cowley, 2000; lijima & Potemra, 1976, 1978).
The poleward component, known as the region 1 current, flows through the ionosphere extending from the
dayside magnetopause to the magnetotail. The equatorward region 2 current component flows through the partial
ring current in the inner magnetosphere. Both of these two components are reported to increase significantly
during the substorm expansion phase (e.g., Coxon et al., 2014; Forsyth et al., 2018; Iijima & Potemra, 1978; Kéki
et al., 2022). Geomagnetic storms cause FAC enhancements, maximizing during the storm main phase (Hajra,
Tsurutani, Lakhina, et al., 2024; Hajra, Tsurutani, Lu, Horne, et al., 2024; Knipp et al., 2014; Le et al., 2016;
Lyons et al., 2016; Pedersen et al., 2021, 2022; Wilder et al., 2012). While FAC (quiet time) statistical features
(e.g., Cheng et al., 2018; Coxon et al., 2016; Fujii et al., 1981; Hajra et al., 2025; Laundal et al., 2018; Qu
et al., 2024; Wang & Liihr, 2023; Wang et al., 2024), their variations during geomagnetic storms and substorms
(see references above) have been studied previously, there are no studies on FACs during HILDCAAs. Solar
wind/interplanetary conditions and magnetospheric convection are significantly different for HILDCAAs than
those for storms and substorms. HILDCAAs represent long intervals of very strong and high-frequency auroral
activities (Guarnieri et al., 2018; Kozyra et al., 2006; Mendes et al., 2017; Souza et al., 2016, 2018; Tsurutani
et al., 1995; Turner et al., 2006) leading to enhanced magnetospheric convection continuing for days to weeks
(Hajra et al., 2014b; Sandanger et al., 2005; Sgraas et al., 2004; Tsurutani et al., 2004, 2006). Thus, complex FAC
variability can be expected to occur during the HILDCAAs.

In this paper, we analyze the FAC variations during a large number of HILDCAA events. Solar wind plasma,
interplanetary and geomagnetic activity measurements are used in the analyses. The major questions explored in
this work are as follows. How intense are FACs during HILDCAAs? Is the FAC variability correlated to auroral
activity and causally connected to the interplanetary variations?

2. Data and Methods

Period of study: The focus of this study is the variations of FACs during HILDCAAs, using FACs measured by
the Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE; Anderson
etal., 2000, 2002, 2021; Waters et al., 2001, 2020). We thus chose the period when AMPERE FAC measurements
are available, that is, from October 2009 through December 2023. There is a measurement gap from May 2018 to
February 2019.

Data sources: We obtained FAC data from the AMPERE Science Data Center of the Johns Hopkins Applied
Physics Laboratory that provides FAC measurements in the northern and southern hemispheres above 40°
magnetic latitude (MLAT). The FAC estimations are based on the magnetic perturbations measured by 66 sat-
ellites of the Iridium telecommunication network in six polar orbital planes at an altitude of ~780 km (orbital
period of ~104 min). For the present analyses, we use (a) the northern and southern hemispheric FAC density
maps in altitude-adjusted corrected geomagnetic (AACGM) latitude (Baker & Wing, 1989) and magnetic local
time (MLT) coordinate system, averaged over 10 min; and (b) temporal variations (2-min resolution) of integrated
FAC intensities (Anderson et al., 2014, 2021) separated into upward and downward, dayside and nightside
components in northern and southern hemispheres. It is worth mentioning that continued measurements and large
space coverage by large numbers of satellites make AMPERE more useful than other spatially sparse satellite
observations in studying large-scale structures and temporal evolutions of FACs. However, use of 10-min sliding
windows every 2 min to measure FACs implies lower temporal resolution. This is not a problem for the present
large-scale study.

The near-Earth solar wind plasma and interplanetary magnetic field (IMF) data (1-min resolution) are obtained
from NASA's OMNIWeb Plus database (King & Papitashvili, 2020). These are based on measurements by
multiple upstream spacecraft, such as, Advanced Composition Explorer (ACE), Wind, Interplanetary Monitoring
Platform (IMP) 8 and Geotail. The in situ measurements are shifted (in time) to the Earth's bow shock nose for a
direct comparison with inner magnetospheric/geomagnetic variations. The IMF vector components are in the
geocentric solar magnetospheric (GSM) coordinate system. This system has the x-axis directed toward the sun,
and the y-axis is in the Q X X/|Q X X|-direction, where € is the direction of the magnetic south-pole of the Earth.
The z-axis completes a right-hand system.

The solar coronal images at 193 A are obtained from the Atmospheric Imaging Assembly (AIA) instrument
onboard NASA's Solar Dynamics Observatory (SDO). Solar synoptic maps are obtained from the Space Weather
Prediction Center of the National Oceanic and Atmospheric Administration (NOAA).
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The geomagnetic Dst (1-hr), AE (1-min), and SYM-H (1-min) indices are obtained from the World Data Center for
Geomagnetism, Kyoto, Japan. The auroral electrojet indices (1-min) SME, and SML are obtained from the
SuperMAG database (Gjerloev, 2009, 2012; Newell & Gjerloev, 2011a,2011b). The yearly mean F'y ; solar fluxes
are obtained from the Laboratory for Atmospheric and Space Physics Interactive Solar Irradiance Data Center.

HILDCAA identification: HILDCAAs are identified based on original criteria suggested by Tsurutani and Gon-
zalez (1987): (a) the peak AE intensity > 1,000 nT, (b) the event duration > 2 days, (c) AE never drops below 200nT
for more than 2 hr at a time, and (d) the event occurs outside the main phase of geomagnetic storms. Accordingly, we
searched for the SME > 1,000 nT events from the SME time series (we used SME instead of AE, see below). The
data were then scanned both forward and backward in time to verify that SME did not decrease below 200 nT for
more than 2 hr at a time. If the event was longer than 2 days, and if SYM-H was >—50 nT, this was categorized as a
HILDCAA event (SYM-H is used instead of Dst). Thus, by definition, the HILDCAA onset (end) time is the first
(last) time SME becomes greater than 200 nT. Forty-eight HILDCAAs were identified during 2009 through 2023,
which are listed in Table 1. Only 42 HILDCAAs had suitable FAC measurements available.

As AE is derived based on observations from 12 geomagnetic stations (~60°N-70°N; Ahn et al., 2000; Kamide &
Akasofu, 1983; Rostoker, 1972), it may be insufficient for auroral activities occurring at very low latitudes (e.g.,
during intense geomagnetic activity) or at very high latitudes (for weak geomagnetic activity intervals). On the
other hand, the SME index is based on ~300 ground magnetometer observations (~40°N—80°N) under the
SuperMAG network, including the standard AE magnetometer sites. Thus, SME can identify auroral activity in a
wide region from mid-latitudes to high-latitudes. We also used high-resolution (1-min) SYM-H index instead of
low-resolution (1-hr) Dst index to quantify geomagnetic conditions. Use of the SME and SYM-H indices resulted
in a significant increase in the HILDCAA number: from October 2009 through December 2019 (note that AE data
is not available after 2019), the number of HILDCAAs using the AE and Dst indices is 17, while the HILDCAA
number using the SME and SYM-H indices during the same interval is 43, giving a much bigger database.

Each of the HILDCAAs is characterized by a peak SME intensity (SMEp), and duration of the event. Figure 1
shows distributions of yearly numbers of HILDCAAs (Figure 1a), characteristic SMEp (Figure 1b), and duration of
the events (Figure 1c). While HILDCAAs are observed during all phases of the solar cycle (the solar cycle phases
can be seen from the yearly mean F, ; solar flux variation), ~56% of the HILDCA As are identified during the solar
cycle descending-to-minimum phase between 2014 and 2019. The highest yearly number of HILDCAAs is 10,
recorded during 2017. The HILDCAA SMEp varies between 1,017 and 2,162 nT, with an average (median) in-
tensity of ~1,388 £ 256 (~1,383) nT for all HILDCA As (the number following + symbol indicates 1-c deviation).
No supersubstorms with the SML peak intensity <—2,500 nT (Hajra & Tsurutani, 2018; Hajra et al., 2016; Hajra,
Echer, et al., 2023; Tsurutani & Hajra, 2023; Tsurutani et al., 2015) were identified in this study. The shortest and
longest HILDCAA durations recorded in this study are 2.00 days (by selection criteria/definition) and 6.30 days,
respectively, with a mean (median) duration of ~2.90 £ 0.92 (~2.61) days for all events.

Interplanetary CIR and HSS identifications: Near-Earth solar wind plasma and IMF variations are analyzed to
identify HSSs and interplanetary corotating interaction regions (CIRs). A fast rise in the solar wind proton speed
V,, to a maximum of ~550-850 km s~!, followed by a slower decay characterize a typical HSS at 1 au (Tsurutani
et al., 1995, 2005). Identification of an HSS is then confirmed by identification of a coronal hole at the sun
(Krieger et al., 1973) ~2-3 days prior to the near-Earth V, peak occurrence (considering propagation time of a V,,
~550-850 km s~ stream from the sun to Earth). The proton temperature T, more or less follows the HSS V,
temporal profile. In the interaction region between a slow stream and an HSS, a gradual increase in V, is
accompanied by enhancements in proton density N,,, ram pressure Py, and IMF magnitude By This compressed
plasma and IMF region is identified as a CIR (Smith & Wolfe, 1976). The IMF components By, By, and B, exhibit
fluctuations in their amplitudes and polarities (indicative of interplanetary Alfvén waves; Belcher & Davis, 1971;
Coleman, 1966; Neugebauer et al., 1984) during an HSS, which are significantly amplified during the CIR.

Interplanetary discontinuities: Several types of interplanetary discontinuities are identified in and around a CIR.
A stream interface (SI) separates the compressed slow solar wind part of a CIR at its antisolar side from its
compressed HSS part at the solar side (Belcher & Davis, 1971; Burlaga, 1974; Hundhausen & Burlaga, 1975). Itis
identified by (a) an abrupt decrease in N,,, (b) a simultaneous increase in T),, (¢) a small increase in V,,, following
Burlaga (1974), and by (d) an alpha density-to-N,, ratio increase, as suggested by Gosling et al. (1978). Some of
the CIRs are bounded by a fast forward (FF) shock at its leading edge and a fast reverse (FR) shock at the trailing
edge. An FF (FR) shock is identified from a sharp increase in V|, accompanied by simultaneous and sharp
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Table 1
HILDCAAs Identified During 2009-2023
Start (Date UT) End (Date UT) Duration (days) SME peak (nT) SYM-H peak (nT)
24 August 2010 09:41 26 August 2010 16:46 2.30 1,228 —40
01 April 2011 08:23 04 April 2011 08:09 2.99 1,322 —45
07 June 2011 11:03 09 June 2011 23:42 2.53 1,017 —47
13 June 2011 09:40 15 June 2011 23:18 2.57 1,119 —16
22 June 2011 08:52 24 Junee 2011 22:15 2.56 1,021 =35
08 July 2011 06:44 10 July 2011 09:34 2.12 1,067 -39
19 July 2011 05:08 21 July 2011 07:13 2.09 1,122 —26
21 July 2011 11:46 23 July 2011 12:14 2.02 1,219 —26
11 September 2011 12:17 13 September 2011 13:05 2.03 1,390 —50
04 June 2012 02:11 07 June 2012 10:27 3.34 1,438 -32
29 June 2012 19:27 03 July 2012 18:27 3.96 1,332 =35
26 May 2013 12:40 28 May 2013 15:36 2.12 1,123 —40
19 June 2013 14:28 25 June 2013 21:47 6.30 1,397 —44
25 July 2013 15:08 28 July 2013 16:58 3.08 1,141 =25
21 August 2013 02:51 24 August 2013 01:21 2.94 1,131 —46
01 January 2014 00:39 03 January 2014 00:40 2.00 1,392 -39
23 September 2014 06:41 27 September 2014 20:32 4.58 1,329 —34
06 December 2014 18:32 10 December 2014 02:59 3.35 1,589 —34
20 April 2015 17:57 22 April 2015 18:55 2.04 1,439 =35
12 June 2015 10:04 16 June 2015 20:12 4.42 1,903 =36
15 September 2015 07:57 17 September 2015 12:36 2.19 1,223 =36
01 October 2015 06:16 03 October 2015 20:25 2.59 1,146 =35
10 December 2015 00:11 12 December 2015 22:43 2.94 1,611 -19
11 July 2016 10:23 13 July 2016 15:23 221 1,437 —44
16 October 2016 06:04 18 October 2016 16:40 244 1,459 —34
09 December 2016 05:40 11 December 2016 20:44 2.63 1,583 —48
05 January 2017 12:07 09 January 2017 19:12 4.30 1,478 —47
31 January 2017 14:11 04 February 2017 01:31 3.47 1,692 —48
04 February 2017 04:43 06 February 2017 05:06 2.02 1,350 =31
03 March 2017 23:57 06 March 2017 04:05 2.17 1,268 —44
21 March 2017 04:22 23 March 2017 10:37 2.26 1,490 —46
19 May 2017 12:57 21 May 2017 13:30 2.02 1,311 —44
24 July 2017 03:27 26 July 2017 18:33 2.63 1,356 —26
04 August 2017 05:29 06 August 2017 14:02 2.36 1,573 =35
17 August 2017 03:40 21 August 2017 12:50 4.38 2162 —46
14 September 2017 11:19 17 September 2017 20:40 3.39 1,854 —44
24 October 2017 08:49 26 October 2017 20:03 247 1,912 —44
08 May 2018 14:37 * 11 May 2018 10:54 2.85 1,032 =35
31 May 2018 14:39 * 03 June 2018 22:47 3.34 1,375 —49
21 September 2018 20:22 * 24 September 2018 03:19 2.29 1,522 —49
08 October 2018 23:47 * 11 October 2018 21:51 2.92 1,626 —49
31 January 2019 09:40 * 03 February 2019 22:56 3.55 1,554 -39
27 February 2019 12:07 * 03 March 2019 19:14 4.30 1,547 —45
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Table 1
Continued

Start (Date UT) End (Date UT) Duration (days) SME peak (nT) SYM-H peak (nT)

15 June 2021 10:53 17 June 2021 12:03 2.05 1,020 =58
11 February 2022 18:56 14 February 2022 18:49 3.00 1,150 —46
27 April 2022 12:45 30 April 2022 11:41 2.96 1,614 —46
02 March 2023 17:13 07 March 2023 00:00 4.28 1,430 —45
30 March 2023 00:55 01 April 2023 00:56 2.00 1,142 -39

“No FAC measurements are available during HILDCAAs occurring during 2018-2019.

increases (decreases) in N,,, Py, T, and IMF B, Identification of an FF/FR shock is confirmed by estimated
magnetosonic Mach number M, > 1. Discontinuities with M, < 1 are classified as steepened waves. Detail
methods of determining the discontinuity characteristic parameters, using the Abraham-Shrauner (1972) mixed-
mode method and the Rankine—Hugoniot (Hugoniot, 1887, 1889; Rankine, 1870) conservation laws, can be found
in literature (e.g., Hajra, 2021a; Hajra & Tsurutani, 2018; Hajra, Tsurutani, et al., 2023; Hajra et al., 2016, 2018,
2020; Smith, 1985; Tsurutani & Lin, 1985; Tsurutani et al., 2011).

Solar wind-magnetosphere coupling: Solar wind-magnetosphere coupling during the HILDCAA events is
quantified using several coupling functions. An important driver of geomagnetic activity is the interplanetary
motional (eastward) electric field VB (Burton et al., 1975; Finch et al., 2008; Tsurutani et al., 1992), where V is
the solar wind V), and B, is the southward component of IMF. An empirical estimate of magnetospheric energy
input rate is given by the e-parameter: VpB(z) sin*(6/2) RéF (Perreault & Akasofu, 1978), where 6 is the IMF clock

angle, Rcy is the magnetopause scale size, Rop = (2BE/(uom,N, Vg))l/GRE (Chapman & Ferraro, 1931), B is the
equatorial magnetic field on the Earth's surface, y, is the free space permeability, m,, is the proton mass, and Ry, is
the Earth's radius. The dayside reconnection rate or the magnetic flux transport across the dayside magnetosphere
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Figure 1. (a) Yearly numbers of HILDCAAs (histograms, legend on the left) and the yearly mean F ; solar flux variation
(red lines, legend on the right), F |, 5 is given in solar flux unit (sfu), 1 sfu = 1072 W m~2 Hz~'. HILDCAAEs identified by
using the SME and SYM-H indices (2009-2023) are shown by empty histograms, while those by AE and Dst (2009-2019)
are shown by light-gray histograms. Distributions of (b) the peak SME (SMEp) during HILDCAAs, and (c) the HILDCAA
duration. The mean values and 1-c deviations are shown by downward arrows and horizontal bars, respectively.
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Figure 2. A HILDCAA and associated FACs during days 181-186 (29 June—
3 July) of 2012. From top to bottom, panels are: (a) solar wind proton speed
A (km s™h), (b) proton density N, (cm™3, black, legend on the left) and ram
pressure P, (nPa, red, legend on the right), (c¢) proton temperature 7}, (K,
black, legend on the left) and plasma-f (red, legend on the right),

(d) interplanetary magnetic field (IMF) magnitude B, (nT, black), and B,
(nT, blue), By (nT, green), and B, (nT, red) components, (¢) symmetric ring
current index SYM-H (nT), (f) auroral electrojet index SME (nT), (g) auroral
electrojet westward component SML (nT), and total northern and southern
hemispheric integrated (h) upward FAC intensity FAC,, (MA), and

(i) downward FAC intensity FAC ., (MA). Vertical gray shading indicates
a corotating interaction region (CIR), with a fast reverse (FR) shock shown
by a vertical dashed line at the CIR trailing edge. The green vertical solid line
marks occurrence of a stream interface (SI). The red horizontal bar in the
SME panel (f) indicates the HILDCAA interval.

is estimated as: ®p = 3.2 X 10°Vy/?By, sin”?(6/2) (Milan et al., 2012),

where By, = (B§ + Bg)l/z. The Newell coupling function N, a measure of
the rate of open magnetic flux ®@,,, generation at the magnetopause, is given
by: d®yp/dt = V/*B3? sin®3(6/2) (Newell et al., 2007).

Superposed epoch analyses: Superposed epoch analyses were conducted to
identify the average features of the HILDCAA-related geomagnetic activity,
currents and causative solar and interplanetary parameters. The HILDCAA
onset time is taken as the zero epoch time. We considered intervals from
2 days before to 5 days after the HILDCAA onset for the analyses.

Wavelet analyses: We performed wavelet transform analyses (Torrence &
Compo, 1998) of SML and FACs to study their periodic variations during
HILDCAAs. The periodograms are developed using continuous Morlet
wavelet function. Significant periods of SML and FAC variations are identi-
fied from high powers in the periodograms. The cone of influence is introduced
to indicate edge artifacts (potentially distorting the results) in the wavelets.
Further details can be found in Souza et al. (2016, 2018), and Hajra
et al. (2021).

Cross-correlation analyses: We performed time-lagged cross-correlation
analyses (Davis, 2002) between IMF B, and SML, B, and FAC, and FAC
and SML. The 1-min resolution B, and SML data are processed into 2 min (by
taking 2-min running averages) so that they precisely coincide (in time) with
the FAC data (2-min resolution) to avoid any artificial time lag.

Statistical probability factor: Significance of the statistical results presented
in this work is verified by computation of two-tailed p-values (Reiff, 1990).
Considering that the parameters may not have normal distributions,
nonparametric Wilcoxon Rank Sum test (Gibbons & Chakraborti, 2011) is
used for the p-value computation using the median values of the parameters
and number of events. A p-value less than 0.05 suggests that the two medians

are significantly (statistically) different from each other (Press et al., 1992).

3. Results

3.1. Case Study of FACs Associated With a HILDCAA Occurring on
Days 181-185 (29 June-3 July) of 2012

Figure 2 shows solar wind plasma and IMF variations along with geomag-
netic indices and FAC measurements during a HILDCAA event occurring on
days 181-185 (29 June-3 July) of 2012. The ~3.96 days-long HILDCAA,
from 19:27 UT on day 181 to 18:27 UT on day 185 (marked by a horizontal
bar in the SME panel), is characterized by strong SME (peak 1,332 nT,
Figure 2f) and SML intensities (minimum —1,054 nT, Figure 2g), while the

SYM-H minimum was only —35 nT (Figure 2e) indicating ring current activity weaker than the geomagnetic

storm threshold (SYM-H < —50 nT; Gonzalez et al.,

1994).

This is a typical HILDCAA event associated with a CIR followed by an HSS proper, typical interplanetary solar
wind features described in several previous works (e.g., Hajra, 2021b; Hajra et al., 2013, 2014a, 2014b, 2014c,

2015a, 2015b, 2020; Hajra, Tsurutani, Lu, Lakhina, et al.,
2006). Here we describe them briefly for the reader. From the temporal variation of solar wind V,,

et al.,

(Figure 2a), a slow solar wind stream with V,, of ~368-427 km s

2024; Tsurutani & Gonzalez, 1987; Tsurutani

is identified on day 181. An HSS is observed

during days 182185, having a peak V,, of ~725 km s~!. The HSS was emanated from a large, equatorial coronal
hole (marked by a NOAA number 21) with a negative magnetic polarity (i.e., magnetic field pointing toward the
sun; see Appendix A Figure Al). This is consistent with the positive B,- and negative B,-components indicating a
sunward IMF direction (Figure 2d).
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Figure 3. Hemispheric FAC density maps during the HILDCAA event shown in Figure 2. (a) Temporal variations of total SME index (nT, black), sunlit (red) and dark
(blue) ionospheric SML indices (nT). The HILDCAA interval is marked by a horizontal bar at the top. (b—f, b’—f’) The average radial FAC density (pA m™2) for the
northern hemisphere (middle panels) and the southern hemisphere (bottom panels) plotted in the AACGM latitude and MLT coordinates for 10-min time intervals
marked by vertical gray shadings and corresponding panel numbers in panel (a). The red and blue in the current density maps identify upward and downward current

components, respectively.

The interaction region between the slow stream and the HSS is characterized by gradual increases in V,, (Figure 2a)
and T}, (Figure 2c¢), and enhancements and fluctuations in N,,, Py, (Figure 2b), and IMF B, (Figure 2d)—indicting
compressions of solar wind plasma and IMF, known as a CIR (marked by a vertical gray shading). The CIR trailing
edge is characterized by a sharp small increase in V,, (~618-662 km s"), accompanied by sharp and simultaneous
decreases in N,, (~11.6-3.7 cm™), P, (~9.0-3.3 nPa), T, (~47.9 x 10* t0 25.0 x 10* K) and B,, (~9.7-6.3 nT) at
~16:31 UT on day 182. The discontinuity is determined to be an FR shock, characterized by an M, of ~1.77, a
shock speed V,,, (relative to the upstream solar wind plasma speed) of ~131 km s~ !, and a shock angle O, of ~52°
with respect to the upstream ambient IMF. An SI is identified at ~14:48 UT on day 182, inside the CIR, charac-
terized by a ~16.2 to 8.2 cm ™ decrease in N,, and a ~30.0 X 10* to 52.0 x 10* K increase in T, The HSS carried
Alfvén waves as indicated by fluctuating IMF components, the wave amplitude being amplified in the CIR.

FAC variations: Figures 2h and 2i show the upward and downward FAC intensity variations during the HILDCAA,
respectively. These are the total currents, combining both the northern and southern hemispheric currents. While
the HILDCAA event (occurring during 29 June through 3 July) corresponds to northern hemispheric summer and
southern hemispheric winter, combining measurements in both hemispheres removes any seasonal dependence of
FACs. The HILDCAA onset is marked by prominent increases in FAC intensities, and they seem to exhibit general
association with the SME/SML variations during the HILDCAA. Upward (downward) total FAC intensity peaks
(FACp) to ~19.2(—19.1) MA at ~10:16 UT on day 182, ~14.8 hr after the HILDCAA onset, with an average FAC
intensity (<FAC>) of 6.0 & 3.0 (—5.8 = 2.8) MA during the entire HILDCAA interval. FACp and <FAC> are
defined as the characteristic peak and average FAC intensities of the HILDCAA, respectively. Thus, the HILD-
CAA corresponds to enhanced FACs compared to the pre-HILDCAA FAC intensities of ~0.7-3.3 MA. There is no
significant difference between the dayside and nightside FAC intensities.

Figure 3a shows the SME index along with SML separated into sunlit and dark ionospheric SML values during
the HILDCAA event shown in Figure 2. It should be noted that the SME and SML indices are based on northern
hemispheric measurements. As the HILDCAA event corresponds to the northern hemispheric summer, when
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Figure 4. Wavelet analyses during the HILDCAA event shown in Figure 2. (a) Temporal variations of the SML index (black, legend on the left), and total upward FAC
intensity (red, legend on the right). The HILDCAA interval is marked by a horizontal bar at the top. Wavelet spectrum periodograms of (b) the SML index, and (c) total
upward FAC intensity. The cone of influence is shown by the black curve; and region outside this, where edge effects might distort the results, is marked by light
shading. Rainbow color bar on the right shows the wavelet spectral power of the observed periods in arbitrary units.

major part (MLT sectors) of the high-latitude northern hemisphere is sunlit, the dark ionospheric SML is
insignificant, and the sunlit values account for the total SML variation (shown in Figure 2g). The northern and
southern hemispheric FAC maps are shown during different phases of the HILDCAA (Figures 3b-3f, 3b’-3f").
Polar ionospheric illumination variations between the two hemispheres are marked in the maps. Northern
hemispheric FAC maps show that dark-region FACs are insignificant compared to sunlit-region FACs
(Figures 3b-3f), consistent with the dark and sunlit ionospheric (northern hemispheric) SML variations
(Figure 3a).

At the HILDCAA onset, all MLT sectors for AACGM latitude >70° are sunlit (dark) in the northern (southern)
hemisphere (Figures 3b and 3b’). The FAC maps show only weak currents corresponding to pre-HILDCAA
(quiet) geomagnetic conditions.

At 12 hr after the HILDCAA onset, both dark and sunlit region SML indices are enhanced (Figure 3a, second
vertical shading). Corresponding FAC map in the northern hemisphere (Figure 3c) shows strong region 1 (70-85°
latitude) upward current (red) in the 9-22 MLT sector, weaker downward current (blue) in the 0-8 MLT sector.
Another strong downward current is observed in the 8-15 MLT sector at >78° latitude, extending up to the pole
(region 0). These correspond to sunlit ionosphere. In the northern hemisphere, region 2 (65-70° latitude) upward
(downward) current is observed around 23—-6 MLT (12-21 MLT) sector. In the southern hemisphere (Figure 3c’),
region 1 upward (downward) current is observed in the 3-12 MLT (12-23 MLT) sector. Region 2 upward
(downward) current is observed in the 19-23 MLT (1-6 MLT) sector. Most of these correspond to dark ionosphere.

At 1 day after the HILDCAA onset, sunlit region SML is significantly enhanced while dark side SML is
insignificant (Figure 3a, third vertical shading). This is consistent with stronger northern hemispheric (mostly
sunlit) FACs (Figure 3d) than the southern hemispheric (entirely dark) FACs (Figure 3d’). In the northern
hemisphere, near-pole region 0 upward current is observed in the 6~12 MLT. In region 1, upward current is
observed in the 9-18 MLT sector, downward current is observed in the 0-12 MLT sector. In region 2, upward
current is observed in the 21-9 MLT sector, downward current is observed in the 15-19 MLT sector. In the
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During the HILDCAA event shown in Figure 2, we have arbitrarily chosen
four intervals of 3.9-7.3-hr durations to study the relationship between the
periodic variations in the SML index and the FAC intensity, and their causal
relationships with IMF B, (Figure 5). From time-lagged cross-correlation

S analyses, the SML index is found to exhibit peak correlation coefficients of

Figure 5. Cross-correlation analyses during the HILDCAA event shown in

-80 -60

-40

Time Lag (minute)

0 20 40 60 80 0.57-0.75 with B, at time-lags of ~10-38 min from B, (Figure 5a). The peak
correlation coefficient between upward total FAC intensity and B, varies
between —0.45 and —0.72 at time lags of ~4-30 min (Figure 5b). In addition,
SML exhibits the strongest correlation coefficient of —0.71 to —0.88 with the

Figure 2. Time-lagged cross-correlation coefficients (CC) between (a) IMF FAC intensity at time lags of ~4-6 min (Figure 5c). However, given that the
B, and SML, (b) B, and upward total FAC intensity, and (c) upward total cross-correlation peaks are broad, and that the resolution of the AMPERE
FAC intensity and SML for four intervals indicated in the top panel. data is limited to a 10-min window, there may be an error in the time lags of at

least 10 min. Thus, SML and FAC seem to exhibit no practical time lag be-
tween them.

During 42 HILDCAA events when suitable FAC measurements are available, we selected 122 intervals of du-
rations of ~3.7-28.2 hr for the cross-correlation analysis as above. The results are presented in Figure 6. Table 2
summarizes the statistical distributions of the cross-correlation coefficients and time lags for all studied intervals.
From this statistical analysis, relationships among the periodic variations of IMF B,, FAC and SML are found to
vary from one HILDCAA to the other or even from one part of an HILDCAA to its other part. In general, periodic
variation in the FAC intensity seems to be closely related to that in SML (with no significant time lags), and they
seem to be driven by periodic variations in B, at a lag of the order of ~30 min.

3.2. Statistical FAC Intensity Distributions

We computed statistical FAC distributions using FAC intensity variations at every 2-min during all HILDCAAs
under this study. The minimum-to-maximum FAC intensity range is first divided into 0.25-MA bins, and numbers
of 2-min FAC observations are counted for each bin. They are then expressed as percentages of total observation
counts. The HILDCAA-related FAC intensity distributions are compared with distributions of quiet time FAC
measurements during 2-day intervals characterized by SYM-H > —50 nT and SME < 500 nT prior to the
HILDCAA onsets. The HILDCAA-related and pre-HILDCAA (quiet) FAC intensity distributions are shown in
Figure 7, and the statistical results are summarized in Table 3. The distributions are asymmetric Gaussian (non-
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Figure 6. Statistics of cross-correlation analyses based on 122 intervals during 42 HILDCAAs under this study. Distributions of time lags of the peak cross-correlations
between (a) IMF B, and SML (red), (b) B, and FAC intensity (blue), and (c) FAC intensity and SML (gray). (d) Variations of the peak cross-correlation coefficients with
corresponding time lags between B, and SML (red), B, and FAC intensity (blue), and FAC intensity and SML (gray). Distributions of the peak cross-correlation
coefficients between (e) FAC intensity and SML (red), (f) B, and FAC intensity (blue), and (g) B, and SML (gray). In panels (a—c), mean values and 1-c deviations of the
distributions are shown by downward arrows and horizontal bars, respectively, while those are shown by leftward arrows and vertical bars, respectively in panels (e-g).

Table 2

normal) in nature. There are no significant differences between upward and downward current intensities (on
average, differences are only ~0%—10% during pre-HILDCAA intervals, ~0%—3% during HILDCAAs). It can be
noted from Table 3, the maximum pre-HILDCAA FAC intensity (~21.7, 22.5 MA) is larger than during the
HILDCAA events (~19.2, 19.6 MA), implying that large FAC intensity can occur even when SME is low
(<500 nT, which is the requirement for quiet time). However, the maximum FAC intensities are from single data
points and may not be statistically significant.

Comparing FAC intensity distributions during HILDCAAs and pre-HILDCAA (quiet) intervals, peaks in the
distributions are found to be larger for the HILDCAAs than for the pre-HILDCAA distributions, as expected
(Figure 7). On average, total upward (downward) FAC intensities during HILDCAAs are ~104% (~108%)
stronger than the pre-HILDCAA FAC intensities. However, 1-c deviations from the mean values are significantly

Statistical Mean + 1-6 (Median) Cross-Correlation Coefficients and Time
Lags Based on 122 Intervals of Durations of ~3.7-28.2 hr During 42

HILDCAA Events

Parameters Peak cross-correlation coefficient Time lag (min)
B,-SML 0.51 £ 0.14 (0.48) 32 + 20 (30)
B,—FAC intensity® —0.54 £ 0.14 (—0.53) 28 + 17 (26)
FAC intensity’~SML —0.73 £ 0.15 (—0.76) 5+£5@4)

“FAC intensity represents the upward total FAC intensity.

large. The two-tailed p-values computed for the FAC distributions during
HILDCAAs and pre-HILDCAA intervals are less than 0.0001, indicating that
FAC enhancements during HILDCAAs (compared to their pre-HILDCAA
values) are statistically significant.

For each of the HILDCAAS, we computed a peak/maximum FAC intensity
(FACp) and an average FAC intensity (<FAC>) during the event. The sta-
tistical distributions of these characteristic FACp and <FAC> values for all
HILDCAAs are shown in Figure 8, and summarized in Table 4. Both FACp
and <FAC> exhibit large ranges of values with no significant differences
between their upward and downward components (differences are, on
average, only ~1% and ~2%, respectively). On average, HILDCAAs are
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Table 3

Statistical Features of Total FAC Intensity Distributions During
Pre-HILDCAA (Quiet) Intervals and HILDCAAs

(a)

[ pre-HILDCAA
HILDCAA

Events (%)

0 12 14 16 18 20
15 Upward FAC,, (MA)

Events (%)

10 12 14 16 18 20
Downward FAC,, (MA)

Figure 7. Distributions of (a) upward total FAC intensities and (b) downward total FAC intensities during all HILDCAAs
(red) and pre-HILDCAA quiet (blue) intervals. Downward arrows indicate mean (solid) and median (dashed) values, and
horizontal bars indicate 1-c deviations of the FAC intensities for all events.

characterized by a peak and an average total (for both hemispheres) FAC intensity of ~14 and ~6 MA,
respectively.

3.3. Superposed Epoch Analyses

Figure 9 shows superposed epoch analyses of solar wind plasma, IMF, solar wind-magnetosphere coupling
functions, geomagnetic indices, and FAC intensities during all HILDCAAs. Variation of V,, indicates a typical
slow stream-HSS interaction (Figure 9a). The slow and fast streams are characterized by low and high 7, (high
and low plasm-f), respectively (Figure 9c). The HILDCAA onset (the zero epoch time) organizes all parameters,
indicating statistical relationships among them. The onset time precedes the peaks of N, Py, (Figure 9b), IMF B,
(Figure 9d) by ~2-3 hr, and coincides with a north-to-southward turning of B, (Figure 9d). The southward IMF
turning at the HILDCAA onset is followed by enhanced electric field VB, (Figure 9e) leading to magnetic
reconnection. This, in turn, leads to enhanced dayside magnetic flux transport rate @, and enhanced rate of
magnetic flux opening at the magnetopause measured by N (Figure 9f). As a result, the solar wind kinetic
energy input rate ¢ increased significantly during the HILDCAA interval
(Figure 9e). These lead to apparent geomagnetic impacts: a decreasing ring
current index SYM-H (Figure 9g), enhancements in auroral activity indices
SME (Figure 9h) and SML (Figure 9i), and FAC intensifications (Figure 9j).

Pre-HILDCAA total FAC HILDCAA-related total Thus, Figure 9 clearly presents the chain of processes in solar wind and
intensity (MA) FAC intensity (MA) magnetosphere leading to enhanced FACs during HILDCAAs.

Upward Downward Upward Downward  Interestingly, the mean total FAC intensity variations show a sharp intensi-
Minimum 0.2 02 0.5 0.6 fication at the HILDCAA onset, followed by a gradual increase (Figure 9j).
T — 217 275 19.2 19.6 FAC intensities exhibit a .~1 .8 factor increase from a pre.—HIL]?CAA intensity
Median 22 22 50 49 of ~3.9 to ~6.9 MA during the HILDCAA. The FAC intensity peak occurs
~14 hr after the HILDCAA onset. The upward and downward FACs seem to

Mean # 1-0 27£18 26+18 SR S be well-correlated to the SME and SML index variations, respectively.
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Figure 8. Distributions of (top) peak FAC intensity (FACp) and (bottom)
average FAC intensity (<KFAC>) during all HILDCAAs. Downward arrows

| downward <FAC$

upward FACp

] [ downward FACp We utilized a ~14 years-long (October 2009 through December 2014)

B AMPERE database of northern and southern hemispheric FAC measurements
to study statistical features of FACs during intense and long-duration global-
scale convection events called HILDCAAs. Along with the FAC measure-
ments, this study utilizes several ground-based geomagnetic indices, space-
craft observations of the near-Earth solar winds as well as observations of the

sun. The major findings of this study are listed and discussed below.

1. We developed a new HILDCAA database for ~1.5 solar cycles, which
may be useful to the space community for space weather research. Higher
occurrence rate of the events during the solar cycle descending-to-
minimum phase, an average HILDCAA duration of ~2.9 days, and an

i 2 ek it s 20 average peak SME intensity of ~1,388 nT are consistent with statistical
FACp (MA) results reported by Hajra et al. (2013). The latter results, however, are
upward <FAC> based on a larger database for ~3.5 solar cycles (1975-2011).

2. During the HILDCAAs, FAC intensities exhibit periodic variations with
(statistically significant) periodicities of ~19 and ~11 hr (in descending
order of spectral power). These are highly correlated (with a peak cross-
correlation coefficient of —0.73) to similar periodic variations in the
SML index. The periodic variations of FAC intensities and SML are
consistent with reported periodicities in AE index during HILDCAAs
(e.g., Souza et al., 2016, 2018; Tsurutani et al., 1990), attributed to
interplanetary Alfvén waves (Korth et al., 2011; Tsurutani et al., 2006).

3. The HILDCAA-related SML and FAC variations exhibit plausible causa-
tive relationships with Alfvén wave IMF B,. On average, B, variations
precede the SML variations by ~32 + 20 min. This is consistent with ~20—
30 min time lag reported between B, and AE during HILDCAAs (Souza
etal., 2018; Tsurutani et al., 1990). It is noted that this delay of SML/AL to
IMF B, is essentially the same for isolated substorms (Tsurutani & Meng,
1972). On the other hand, the FAC variation is found to lag the B, variation
by ~28 £ 17 min. Coxon et al. (2014) reported that ®, peaks slightly before

4 5 6 7 8
<FAC> (MA)

and horizontal bars indicate mean intensities and 1-6 deviations, the substorm onset, while the FAC intensity maximizes in the substorm
respectively, for all events. Note that different bins are used for FACp and expansion phase, implying a significant time lag between solar wind-
<FAC> as their ranges are significantly different. magnetosphere coupling and the FAC intensification. Pedersen

Table 4

Characteristic FAC Intensity Statistical Parameters During HILDCAAs

et al. (2023) reported a time lag of 40 + 10 min between total FAC intensity

(SME) and N¢p during geomagnetic storms driven by HSSs/CIRs and

sheaths, and a lag of 60 = 10 min for magnetic cloud (MC)-driven storms. Thus, the HILDCA A-related FAC

response time to solar wind parameters is much closer to that for storms driven by HSSs/CIRs and sheaths. This

consistency (and discrepancy with MC-driven storms) is because HILDCAAs are associated with CIRs fol-

lowed by HSSs. The short time lag between the FAC intensity and IMF B, may indicate that FAC variations are
“directly driven” by solar wind/IMF B, (Akasofu et al., 1985; Bargatze et al., 1985).

4. Based on a statistical study of total northern and southern hemispheric

FAC intensities during pre-HILDCAA (geomagnetically quiet) intervals,

the average upward (downward) nominal FAC intensity during quiet times

is estimated to be ~2.7 £ 1.8 (2.6 £ 1.8) MA. The characteristic average

HILDCAA FACD (MA) <§’11chch : and peak FAC intensities for the HILDCAAs are ~5.5 + 0.9 MA and

~14.0 + 2.9 MA, respectively. Thus, the average and peak FAC intensities

Upward Downward Upward Downward determined during the HILDCAAs are, on average, ~2 and ~5 times the

Minimum 8.7 8.8 3.3 3.3 quiet time FAC intensities, respectively. Analysis of FAC density maps
N 192 196 7.4 6.9 indicates a FAC intensification extending from the pole down to ~65°
Median 137 13.4 55 54 magnetic latitude during a HILDCAA. These results clearly indicate

Mean + 1-6

generation of strong FACs during HILDCAAs, for the first time. How do

14029 139+29 55+ 09 34+08 the HILDCAA-related FAC variations compare with FACs during
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s 600 (@) F substorms and geomagnetic storms? Based on a stu.dy of. FA(?S d.uring
% 500 [ - - 2900 substorms, Coxon et al. (2014) reported a FAC intensification in the
4(1)2 e R —— — 1 . substorm growth phase, maximizing during the expansion phase, followed
r, 104(b) La A by a decrease to pre-substorm levels in the recovery phase. Total increase
S 5 _ -~ _M__._ 2 Q/.m in FAC intensity over a substorm cycle was found to be ~1 MA, signifi-
0 T I S — — —— — 0 cantly lower than the FAC intensification during HILDCAAs (present
ﬁ“ 2‘_ (m Mﬁ% ﬂm 'E - 10 & work). Wang et al. (2006) reported FAC intensification during intense
v 1 ‘ 5 v storms (with the Dst intensities of —180, —363, —401, and —472 nT) in
A 8 — M;__‘;\;" — Blo éz 3 0 October and November 2003 by a factor of 5 compared to quiet time FAC
LEL 3: teh . X — intensities. Analyses of global FAC density maps during two recent
v 4] ' . "‘I' w‘l'”" - . N I" il 3 storms, April 2023 SYM-H = —233 nT storm (Hajra, Tsurutani, Lu,
i 3 ] ; ] ] ] 1 Horne, et al., 2024) and May 2024 SYM-H = —518 nT storm (Hajra,
gw IS ANA i ki e €° Tsurutani, Lakhina, et al., 2024; Wang et al., 2024), revealed FACs
v o ‘ ‘ e il expanding down to ~50° magnetic latitude (larger expansion than during
Ab 8 ) 40 A HILDCAAs), and FAC intensification by a factor of ~10 than quiet time
z 4 Mm mwwlmwwmamm“”— 20 € values. The FAC intensification during a HILDCAA (present work) is,
A O ) —) —T—T T T 7T 1 0 thus, ~1/2 times the FAC intensification during extreme geomagnetic
é _12 R M a storms.
5 20 ] (9) [ . Superposed epoch analyses are conducted to study statistical relationships
X 200 ] — L L L L 2 among solar wind plasma, IMF, solar wind-magnetosphere coupling
g 200 "‘('Q“)“‘w"“-*' i functions, geomagnetic indices, and FAC intensities during HILDCAAs.
@ \ The HILDCAA onset is associated with an interaction of an HSS with
A e A"—_‘L "_ Wi — ¥ _: : ' background slow stream leading to a CIR characterized by plasma and
= it '"{I) b N IMF compressions, and a southward turning of IMF. These are consistent
WV '402 1 N , C with statistical results presented in Hajra et al. (2014a, 2014c, 2015a,
P\ WO R 2015b) for other sets of HILDCAA events. Superposed mean FAC in-
SN ST tensity profile is characterized by a sharp increase at the HILDCAA onset,
Y g Jeomn e e gt followed by a gradual increase leading to a ~1.8 factor FAC intensification
-8 | W , | (compared to the pre-HILDCAA FAC intensity) ~14 hr after the HILD-
-2 -1 0 1 2 3 4 5 CAA onset. Based on statistical studies during geomagnetic storms, FAC

Day after HILDCAA onset

Figure 9. Superposed epoch analyses during all HILDCAAs. From top to

bottom, panels are: mean temporal variations of (a) V, (km s, (b) N,
(cm_3 , black, legend on the left) and P, (nPa, red, legend on the right),

(©) T, (K, black, legend on the left) and p (red, legend on the right), (d) IMF
B, (nT, black) and B, (nT, red), (¢) VB, (mV m~!, black, legend on the left)
and & (1011 W, red, legend on the right), (f) N¢g (lO3 Wb s’l, black, legend
on the left) and ®p, (kV, red, legend on the right), (g) SYM-H (nT), (h) SME
(nT), (i) SML (nT), and (j) total FAC intensities (MA). The zero epoch time
(marked by a black vertical line) corresponds to the HILDCAA onset time.

Mean HILDCAA duration is marked by a vertical gray shading. The red

horizontal lines in panels (h—j) indicate pre-HILDCAA average levels of the
parameters.

intensities are reported to peak in the storm main phase, ~40 min and ~1 hr
after the onset of storms driven by CIRs/HSSs (Pedersen et al., 2021) and
interplanetary coronal mass ejections (ICMEs) (Pedersen et al., 2022),
respectively. Evidently, present study reveals a slower and sustained
development of FACs during the HILDCAAs compared to the storm-
related FAC responses.

. The HILDCAA-related FAC intensification exhibits an apparent cause-

effect relationship with enhanced ®p, N, € and VB,. These parame-
ters quantify magnetic reconnection and consequent magnetospheric en-
ergy flow. The superposed epoch analysis clearly suggests that during
HILDCAAs, characterized by the HSS Alfvén wave southward IMFs, rate
of the magnetic reconnection (®p,) at the dayside magnetopause increases,
leading to increased generation of open magnetic fluxes (N¢p), and

enhanced flow of solar wind kinetic energy (¢) and motional electric fields (VB,). These, in turn, are manifested
by increased FAC intensities during the HILDCAAs. These results are, in general, consistent with relationship

of FACs with @, during isolated substorms (e.g., Coxon et al., 2014), and with FAC—solar wind relationships

during geomagnetic storms (e.g., Pedersen et al., 2021, 2022).

5. Concluding Remarks

Although considerable effort was done studying FACs during auroral substorms and geomagnetic storms, FAC
behavior during HILDCAAs had not been previously examined. Why would one expect the results to be
different? Substorm studies usually involve the quiet solar wind (e.g., Akasofu, 1964; Tsurutani &
Meng, 1972). Magnetic storm studies typically involve ICMEs and their sheaths (e.g., Echer et al., 2008;
Tsurutani et al., 1988, 1990, 1992, 2024). HILDCAAs typically involve HSSs (e.g., Hajra et al., 2013;
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Tsurutani & Gonzalez, 1987). In addition, it is important to note geophysical differences among different types
of geomagnetic disturbances. As discussed in Gonzalez et al. (1994), geomagnetic storms are associated with
intense magnetospheric convection electric fields continuing for a few hours, bringing the ring current closer to
the Earth. Substorms may be caused by modest levels of convection electric fields continuing for an hour of
less. HILDCAAs, involving intense substorm/convection events continuing for days to weeks, are associated
with intense and discrete convection electric fields repeating for days to weeks. Are these differences reflected
in HILDCAA-related FAC variation compared to during substorms and storms? HILDCAA-related FAC in-
tensity is significantly higher than during isolated substorms, and is sometimes comparable to during intense
geomagnetic storms. During HILDCAAs, FAC distribution is expanded from near-pole region down to ~65°
magnetic latitude. This is, again, significantly larger than during isolated substorms, but lower than during
extreme geomagnetic storms. In addition, long intervals of HILDCAAs are associated with characteristic pe-
riodic variations in FACs, which were not reported before. We encourage more detail studies of FACs
involving different natures of geomagnetic disturbances.

Appendix A: Solar Images and Synoptic Maps

Figure A1 shows evolution of NOAA coronal hole 21 emanating the HSS shown in Figure 2. From the SDO/AIA
193 A solar images (Figures Ala—A1d), the coronal hole is found to emerge over the eastern limb of the sun on
day 176 (24 June), expanded in size and turned directly toward Earth and arrived at the center of the sun on day
181 (29 June). As confirmed by the solar synoptic map analysis (Figures Ale—Alh), the coronal hole had a
negative magnetic polarity (i.e., magnetic field pointing toward the sun).

Jun 24 (176) Jun 26 (178) Jun 28 (180) Jun 29 (181)

Figure Al. (a—d) SDO/AIA solar images at the wavelength of 193 A, and (e~h) NOAA solar synoptic maps taken on 24, 26, 28, and 29 June 2012. Red ovals mark the
coronal hole (NOAA) number 21, along with its polarity (—), and 3 representing a “fair” confidence level of the coronal hole analysis.
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Data Availability Statement

The FAC data are obtained from the AMPERE Science Data Center of the Johns Hopkins Applied Physics Lab-
oratory (https://ampere.jhuapl.edu/). The data is free to download from the download page under the AMPERE
Derived Product Data Files (Daily) (https://ampere.jhuapl.edu/download/?page=derivedProductsTab).
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The near-Earth solar wind plasma and IMF data are obtained from NASA's OMNIWeb Plus database (https://
omniweb.gsfc.nasa.gov/). The high-resolution data can be directly downloaded from the page: https://omniweb.
gsfc.nasa.gov/form/omni_min.html, by specifying start and stop times. The solar coronal images are obtained from
NASA's Solar Dynamics Observatory (SDO; https://sdo.gsfc.nasa.gov/). The SDO/AIA images are freely avail-
able to view and download from the page: https://sdo.gsfc.nasa.gov/data/aiahmi/, by specific time, resolution etc.
The solar synoptic maps are obtained from NOAA Space Weather Prediction Center (NOAA; www.swpc.noaa.
gov/). The maps are collected from the site (https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-im-
agery/composites/full-sun-drawings/boulder/) archiving year wise data. The geomagnetic Dst, AE, and SYM-H
indices are obtained from the World Data Center for Geomagnetism, Kyoto, Japan (https://wdc.kugi.kyoto-u.ac.
jp/). Specific index can be freely downloaded from the Data Service page (https://wdc.kugi.kyoto-u.ac.jp/wdc/
Sec3.html) by selecting the index and then specifying start and end times. The SME, SMU, and SML indices are
obtained from the SuperMAG database (https://supermag.jhuapl.edu/). The indices are freely available to plot and
download through the Indices page (https://supermag.jhuapl.edu/indices/?fidelity=low&layers=SME.UL&start
=2001-01-29T16%3A00%3A00.000Z&step=14400&tab=plot) by specifying time, duration and selecting the
indices. The F,,, solar fluxes are obtained from the Laboratory for Atmospheric and Space Physics (LASP)
Interactive Solar Irradiance Data Center (https://lasp.colorado.edu/lisird/).
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