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Abstract High-intensity long-duration continuous auroral electrojet activity (HILDCAA) events caused by
interplanetary Alfvén waves are associated with global-scale convection events. HILDCAAs occur primarily
during the solar cycle declining phase (Hajra et al., 2013, https://doi.org/10.1002/jgra.50530). A statistical study
is conducted for 42 HILDCAAs occurring between 2009 and 2023 to investigate associated auroral region field-
aligned currents (FACs). The FAC measurements used in this study were made by the Active Magnetosphere
and Planetary Electrodynamics Response Experiment. It is shown that HILDCAA-related FAC probability
distributions are characterized by a median FAC intensity of ~5 MA, ~2 times the quiet time FAC intensity,
with slight variations between day and night, and from one season to the other. During HILDCAAs (pre-
HILDCAA quiet times), the dayside FAC intensity is found to be the strongest during summer, ~15%-32%
(~92%-96%) stronger than during equinoxes, and ~87% (~128%) stronger than during winter. The nightside
HILDCAA-related FAC intensity during fall is found to be ~8%, ~10%, and ~29% stronger than during
summer, spring, and winter, respectively. For pre-HILDCAA intervals, the nightside FAC intensity during
summer is ~51%, ~62%, and ~94% stronger than during fall, winter, and spring, respectively. These latter
results are in clear contrasts to previous results showing no seasonal dependences of nightside FAC intensities
during geomagnetic quiet and disturbed times.

Plain Language Summary High-intensity long-duration continuous auroral electrojet activity
(HILDCAA) events are associated with substorms and convection events continuing for days to weeks.
HILDCAAS occur primarily in the solar cycle declining phase (Hajra et al., 2013, https://doi.org/10.1002/jgra.
50530). The substorms and convection events during HILDCAAs lead to strong currents flowing in the auroral
region along the geomagnetic field lines. In the present work, we utilized long-term measurements of these
field-aligned current (FAC) intensities to develop their probability distribution functions during HILDCAAs
and quiet periods. We show that both dayside and nightside FAC intensities during HILDCAA events exhibit
significant seasonal dependences. Seasonal dependences of nightside FACs are in clear contrasts to previous
results showing no seasonal dependences of nightside FAC intensities during geomagnetic quiet and disturbed
times.

1. Introduction

Geomagnetic field-aligned currents (FACs; Birkeland, 1908, 1913; Zmuda et al., 1966) play an important role in
electrodynamical coupling between the magnetosphere and polar ionosphere. They consist of two components:
the poleward component or the region 1 current flows into (away from) the ionosphere on the dawnside
(duskside); while the equatorward component called the region 2 current connecting to the partial ring current in
the inner magnetosphere has opposite polarity (Clausen et al., 2012; Cowley, 2000; Iijima & Potemra, 1976,
1978). Geomagnetic disturbances lead to a strengthening of the FAC intensity and an expansion of their lat-
itudinal width. Region 1 and 2 components are reported to increase during the substorm expansion phase by
~1 MA (e.g., Coxon et al., 2014; Forsyth et al., 2018; Iijima & Potemra, 1978; Kiki et al., 2022). Geomagnetic
storms are shown to cause FAC enhancements, maximizing during the storm main phase, by up to a factor of ~10
compared to the quiet time nominal FAC intensities (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; Wang
et al., 2006, 2024; Wilder et al., 2012). Recently, Hajra et al. (2025b) reported a ~5 factor increase in the peak
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FAC intensity during high-intensity long-duration continuous auroral electrojet (AE) activity (HILDCAA;
Tsurutani & Gonzalez, 1987) events, caused by interplanetary Alfvén waves, primarily during the solar cycle
declining phase (Hajra et al., 2013).

Previous case studies have reported an asymmetry in dayside FAC intensity between summer and winter
hemispheres (Wang et al., 2006), while similar FAC intensifications in spring and fall hemispheres (Anderson
et al., 2002) during intense geomagnetic storms. Statistical studies by Fujii et al. (1981) and Coxon et al. (2016),
without considering geomagnetic conditions, reported that dayside FAC intensities in the summer hemisphere are
~2 times the winter hemispheric FAC intensities. All these studies found that nightside FACs do not exhibit such
seasonal dependences. Recently, Hajra et al. (2025a) studied long-term trends in FAC intensities based on
~15 years of FAC measurements by the Active Magnetosphere and Planetary Electrodynamics Response
Experiment (AMPERE; Waters et al., 2001, 2020; Anderson et al., 2002, 2021). They reported significant sea-
sonal dependences both of dayside and nightside FAC intensities, independent of solar activity levels. While FAC
statistical (quiet time) features (e.g., Cheng et al., 2018; Coxon et al., 2016; Fujii et al., 1981; Hajra et al., 2025a;
Laundal et al., 2018; Qu et al., 2024; Wang et al., 2024; Wang & Liihr, 2023), their variations during geomagnetic
storms and substorms are studied previously (see references above), less understood are the FAC variations
during HILDCAAs (e.g., Hajra et al., 2025b).

Here we expand on the Hajra et al. (2025b) work to study the seasonal distributions of HILDCAA-related FAC
intensities using a long-term database. Seasonal variations of HILDCAA-related FAC intensities will be
compared with those during isolated substorms and magnetic storms. This study is aimed at increasing our un-
derstanding of FACs during geomagnetic disturbances, helpful for developing FAC prediction model.

2. Data and Methods
2.1. Data

The radial FAC intensity /, time series (at 2-min cadence over a 10-min window) is obtained from the AMPERE
Science Data Center of the Johns Hopkins Applied Physics Laboratory. The currents are derived from the
magnetic field perturbations SB measured by the Iridium® Communications constellations of about 70 polar
satellites at 780 km altitude (Anderson et al., 2002, 2021; Waters et al., 2001, 2020). The near-Earth (at the Earth's
bow shock nose) solar wind plasma and interplanetary magnetic field (IMF) data (1-min) are obtained from
NASA's OMNIWeb Plus database (King & Papitashvili, 2020). The IMFs are in the geocentric solar magneto-
spheric coordinates, where x-axis is directed toward the sun, the y-axisisinthe Q@ X £/|Q X %|-direction, where
Q is aligned with the geomagnetic south pole, and the z-axis completes a right-hand system.

The 1-min geomagnetic ring current (Dessler & Parker, 1959; Sckopke, 1966) index SYM-H (Iyemori, 1990) is
obtained from the World Data Center for Geomagnetism, Kyoto, Japan. The 1-min auroral indices (Ros-
toker, 1972), SME and SML, are obtained from the SuperMAG database (Gjerloev, 2009, 2012; Newell &
Gjerloev, 2011a, 2011b). The SME index is equivalent to traditional auroral electrojet index AE (see below), and
SML represents the westward component of the auroral electrojet current.

2.2. Methods

The HILDCAA events studied in this work are obtained from Hajra et al. (2025b). The events are identified using
the “classical” HILDCAA criteria (Tsurutani & Gonzalez, 1987): (a) the peak AE >1,000 nT, (b) the event
duration >2 days, (c) AE not falling below 200 nT for >2 hr at a time, and (d) the ring current index Dst >—50 nT
during the event (note that in this work, we have replaced twelve magnetometer-based AE index by hundreds of
magnetometer-based SME, and 1-hr Dst index by 1-min SYM-H index). See Hajra et al. (2025b) for a detail
description of the HILDCAA identification method.

For the present analyses, we have used FAC intensities /, obtained from integrated AMPERE current density J,.
distributions (see Anderson et al., 2014, 2021 for detail method). Using integrated current /, upward and
downward components, we computed total integrated currents flowing in the Birkeland system, estimated as
(FAC,,—FACqyoun)/2, where FAC,, and FACy,,, are the upward and downward components of the FACs,
respectively (Anderson et al., 2021). As FAC,,, is a positive quantity and FACy,,,, is a negative quantity, total
current defined above is a positive quantity. The current has been separated in dayside and nightside components,
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FAC,,, and FAC,;., respectively. The dayside and nightside FAC intensity integrations refer to 06—18 magnetic
local time (MLT) and 18-06 MLT (through midnight), respectively, in Altitude Adjusted Corrected Geomagnetic
Coordinate (AACGM; Baker & Wing, 1989) local time. We have also computed total current: FAC,,,; =
FAC,,y + FAC,;gh To compute probability distribution functions (PDFs) of FAC intensities, the minimum-to-
maximum FAC intensity range is divided into 0.25-MA bins, and FAC observation numbers are counted for each
bin. They are then expressed as percentages of total observation counts.

The statistical difference of two distributions is verified by two-tailed probability factor or p-value (Reiff, 1990).
For distributions that may not be normal, nonparametric Mann Whitney Wilcoxon test/Mann Whitney U test/
Wilcoxon Rank Sum test (Gibbons & Chakraborti, 2011) is used for the p-value computation to compare the
median values of the distributions (see Appendix A for details). A p-value less than 0.05 suggests that the two
medians are significantly (statistically) different from each other (Press et al., 1992).

We conducted “double superposed epoch analyses” to identify mean variations of FAC intensities during
HILDCAAs. In this process, FAC intensity variations are first organized by the HILDCAA onset times
(considered as the zero epoch time). Then, the individual HILDCAA duration is normalized by the mean
HILDCAA duration. This second step is used to avoid overlapping/averaging of FAC intensities during
HILDCAAs and after-HILDCAA quiet intervals, for HILDCAAs with varying durations.

3. Results
3.1. Case Studies

Figure 1 shows examples of FAC intensity variations associated with two HILDCAAs, during 10-12 December
2015 (left panels) and during 21-23 March 2017 (right panels). We describe below the geomagnetic charac-
teristics and the solar/interplanetary causes of the HILDCAAsS, and associated FAC intensity variations.

The 2015 HILDCAA initiated at 00:11 UT on 10 December and continued for ~2.94 days up to 22:43 UT on 12
December (marked by a horizontal red bar, Figure 1g). It is characterized by a peak SME of 1,611 nT. The 2017
HILDCAA had a total duration of ~2.26 days, from 04:22 UT on 21 March to 10:37 UT on 23 March, with a
characteristic SME intensity of 1,490 nT (Figure 1h). During the HILDCAA intervals, SME did not fall below
200 nT for more than 2 hr at a time, and the SYM-H peak intensities were —19 and —46 nT, respectively
(Figures le and 1f), indicating only weak ring current activity. Negative episodes of SML indicate strong sub-
storm activity during the HILDCAAs (Figures 1i and 1j). However, they were significantly weaker than a
supersubstorm (SSS) characterized by an SML peak intensity <—2,500 nT (Hajra et al., 2016, 2023; Hajra &
Tsurutani, 2018; Tsurutani et al., 2015; Tsurutani & Hajra, 2023).

The 2015 HILDCAA onset is associated with an interaction between a solar wind slow stream with a proton speed
V, of ~430 km s™' on 9 December and a high-speed stream (HSS; Neugebauer & Snyder, 1966; Phillips
etal., 1995; Tsurutani et al., 2006) with V,, of ~550-700 km s~! on 10-12 December (Figure 1a). The HSS was
emanated from a coronal hole located at the solar equator (Krieger et al., 1973). The interaction region is
characterized by compressed plasma and IMF, a proton density N, peak of ~15 em™ (Figure 1a), an IMF
magnitude B, peak of ~12 nT (Figure Ic), representing a corotating interaction region (CIR; Smith &
Wolfe, 1976). The CIR is marked by a vertical gray shading. For the 2017 HILDCAA event, the CIR betweena V),
~315 km s~! slow stream (on 20 March) and a V, ~500-720 km s~! HSS (on 21-24 March; Figure 1b) is
characterized by a peak N, of ~53 cm™> (Figure 1b), and a peak By of ~19 nT (Figure 1d). The IMF B, component
is largely fluctuating between northward and southward directions during the CIRs and HSSs (Figures 1e and 1f).
These fluctuations are interplanetary Alfvén waves (Alfvén, 1942; Belcher & Davis, 1971; Coleman, 1966;
Neugebauer et al., 1984). These solar wind plasma and IMF variations indicate typical solar wind/interplanetary
behavior during HILDCAAs (more examples may be found in Tsurutani and Gonzalez (1987), Tsurutani
et al. (2006), Hajra et al. (2013, 2014a, 2014b, 2014c), Hajra, Tsurutani, Echer, Gonzalez, Brum, et al. (2015),
Hajra, Tsurutani, Echer, Gonzalez, & Santolik (2015), Hajra et al. (2020), Hajra, Tsurutani, Lu, Lakhina, et al.
(2024), Hajra (2021)).

Figures 1k—In show the dayside and nightside FAC intensities FACg,, and FAC, ., respectively, flowing in the
northern and southern hemispheres during the HILDCAAs. The 2015 and 2017 HILDCAAs correspond to
northern (southern) hemispheric winter (summer) and spring (fall) seasons, respectively. The HILDCAA events,
in general, are characterized by enhanced FACs compared to the pre-HILDCAA and post-HILDCAA FAC
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Figure 1. Solar wind parameters, geomagnetic indices, and field-aligned current (FAC) intensity variations during two high-
intensity long-duration continuous auroral electrojet (AE) activity (HILDCAA) intervals. From top to bottom, the panels
show (a), (b) solar wind proton speed V,, (black, legend on the left) and proton density N, (red, legend on the right), (¢),
(d) proton temperature T), (black, legend on the left) and interplanetary magnetic field (IMF) magnitude By, (red, legend on the
right), (e), (f) symmetric ring current index SYM-H (black, legend on the left) and IMF B_ (red, legend on the right), (g),
(h) auroral electrojet index SME, (i), (j) auroral electrojet index westward component SML, (k, 1) dayside FAC (FACday)
intensities, and (m, n) nightside FAC (FAC,;,,,) intensities. Left and right panels correspond to the HILDCAA events
occurring during 10-12 December 2015 and during 21-23 March 2017, respectively. In panels (k)—(n), different colors
correspond to the northern hemispheric winter (blue), southern hemispheric summer (red), northern hemispheric spring
(orange), and southern hemispheric fall (green) seasons. Vertical gray shadings indicate the corotating interaction region
(CIR) intervals. Horizontal red bars in panels (g) and (h) indicate the HILDCAA intervals.

intensities. For the 2015 event, the nightside FACs are comparable between summer and winter hemispheres
(Figure 1m), while the dayside FACs are prominently stronger in the summer hemisphere than in the winter
hemisphere (Figure 1k). For the 2017 event, there is no significant difference in the FAC intensities between the
spring and fall hemispheres (Figures 11 and 1n).

3.2. Statistical Results

Hajra et al. (2025b) identified 42 HILDCAAs occurring between October 2009 and December 2023, with suitable
AMPERE FAC measurements in both hemispheres. We considered FAC measurements during each of the 42
HILDCAAs, and a ~2-day interval characterized by SYM-H >—50 nT and SME <500 nT prior to the HILDCAA
onset, the latter being defined as a quiet interval. Figures 2a—2c show distributions of the HILDCAA-related and
quiet (pre-HILDCAA) total FAC intensity (FAC,,,), dayside FAC intensity (FACy,,), and nightside FAC in-
tensity (FAC,4n,), respectively. The statistical results are summarized in Table 1. Here, FACy,, (FAC, ;.
represents total dayside (nightside) integrated FAC intensity computed by adding measurements in both hemi-
spheres. Adding measurements from both hemispheres effectively removes any seasonal influence on FACs (e.g.,
Anderson et al., 2021).
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Figure 2. Distributions of (a), (d) FAC,,,, intensity, (b), (e) FAC,,, intensity, and (c), (f) FAC
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FAC intensities exhibit large ranges of variations during the HILDCAASs and quiet intervals, as clear from large
values of the estimated 1-¢ deviations (Table 1). During quiet intervals, the 1-c deviations are ~66% of the mean
intensities for FAC,,, ~61% for FACy,, and ~75% for FAC,;,p,. For HILDCAA-related FACs, the deviations

are comparatively lower, ~45%, ~45% and ~51% for FAC FACg,y and FAC respectively.

total” night>

In general, the FAC,,, intensities (Figure 2b) are stronger than the FAC,,;,, intensities (Figure 2c) during both
quiet periods and HILDCAAs; and HILDCAA-related FACs are stronger than quiet time FACs (Table 1). Are
these results statistically significant? Statistical significance of the results are verified by computed p-values, and
summarized in Table 2. Based on the p-values <0.05, it is concluded that the FAC,,, intensities are ~20% and
~15% stronger than the FAC ;. intensities during quiet times and HILDCAAs, respectively. On the other hand,

Table 1
Statistical Mean *1-¢ Deviation (Median) of FAC Intensity Distributions During HILDCAAs and Pre-HILDCAA Quiet
Intervals

Pre-HILDCAA (MA)

HILDCAA (MA)

FAC, 11 FACy,y FAC ,ighe FAC i FAC,,, FAC,jign
All 271822 15092 1310010 5425060 291327 25+13(23)
Spring 120909 070505 050504 27x13@25) 14x£0703) 13x0.7(.2)
Summer 1.8x10(16) 1.1x£06(.00 08x05(0.7 31x£1329) 18x08(L7) 13=x0.6(.2)
Fall 13£1.1(1.0 07x06(0.5 06+05(05) 3.0x15@28 1.6x08(.5 14x08(13)
Winter 1.1 +£08(0.8 05+x04(04) 06+05(04) 21129 10£06(09) 1.1x0.7(1.0)
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Table 2
Statistical p-Values Based on Total FAC Intensity Comparisons Shown in Figures 2a—2c and Table 1
p-value Inference®
FACy,, versus FAC ., Pre-HILDCAA 0.00e + 00 FAC,,, is ~20% stronger than FAC,,;gp,-
HILDCAA 0.00e + 00 FAC,,, is ~15% stronger than FAC,,;gp,-
Pre-HILDCAA versus HILDCAA FAC 0.00e + 00 HILDCAA-related FAC,,, is ~127% (a factor of ~2.3) stronger than that during
quiet times.
FAC,,, 0.00e + 00 HILDCAA-related FACy,, is ~114% (a factor of ~2.1) stronger than that during
quiet times.
FAC, ;g1 0.00e + 00 HILDCAA-related FAC, ., is ~123% (a factor of ~2.2) stronger than that during

quiet times.

Note. A p-value less than 0.05 (p < 0.05) indicates statistically significant differences in median values between the two comparing events such as day and night or
pre-HILDCAA and HILDCAA intervals. “The percentages are based on mean values listed in Table 1.

FAC intensities estimated during HILDCAAs are >2 factor (>100%) stronger than their nominal quiet time
values, based on medians of all FAC measurements.

As clear from Figures 2a—2c, the FAC intensities exhibit asymmetric Gauss distributions. Thus, Gauss distri-
bution functions were fitted to the FAC intensity PDFs (percentage) using the Levenberg Marquardt iteration
algorithm. The fitted distribution functions are of the following form:

FAC—x, FAC

2
Apac 2 (—)

— WFAC
Peac = Prac, + ——=¢

WFAC\/%

The Gauss distribution fittings are shown in Figures 2a—2c by solid curves, and the fitting parameters are listed in
Table 3. In the distribution functions, the parameter P, is an “offset”, x g5 ¢ (“center”) is the central position of
the distribution, wg,c is the “width” of the fitted function, and Ap,c is the “area” (see Appendix B for further
details of the Gaussian distribution function fitting). It may be noted that the HILDCA A-related FAC distributions
are shifted to higher FAC intensities with peaks (x.g5c) around 4.7, 2.5, and 2.2 MA for FAC FAC,y, and
FAC,jone respectively, compared to peaks around 1.9, 1.1, and 0.8 MA, respectively, for the quiet intervals.

total>

3.3. Seasonal Dependences

The HILDCAA-related and quiet time FAC intensity measurements are separated for spring, summer, fall, and
winter hemispheric measurements. Thus, 9 HILDCAAS occurring during northern (southern) hemispheric spring
(fall), 16 HILDCAASs occurring during northern (southern) hemispheric summer (winter), 11 HILDCAAs
occurring during northern (southern) hemispheric fall (spring), and 6 HILDCAAs occurring during northern
(southern) hemispheric winter (summer) seasons correspond to 20 spring and 20 fall HILDCAA-related FAC
measurements, 22 summer and 22 winter HILDCAA-related FAC measurements, and equal numbers of pre-
HILDCAA FAC measurements in different seasons (Hajra et al., 2025b). The HILDCAA-related and quiet

;j}l”;:n:ters of the Gauss Probability Distribution Functions Fitted to FAC Intensity Distributions Shown in Figures 2a—2c
FAC a1 FAC,,, FAC,,ighe

Pre-HILDCAA HILDCAA Pre-HILDCAA HILDCAA Pre-HILDCAA HILDCAA
Ppaco (Value £ Standard Error) 0.16 £ 0.08 0.10 £+ 0.05 0.13 £ 0.09 0.07 £ 0.06 0.09 £ 0.09 0.06 £+ 0.05
X.pac (Value = Standard Error) 1.93 £ 0.05 4.71 £ 0.06 1.13 £ 0.02 2.54 £0.03 0.82 £+ 0.04 2.19 £0.03
Weac (Value £ Standard Error) 2.15 £ 0.10 4.10 £ 0.14 1.11 £ 0.04 2.18 £ 0.07 1.62 £ 0.09 2.24 £ 0.07
Agpac (Value + Standard Error) 22.09 + 0.93 23.03 £ 0.84 22.51 £ 0.79 23.57 £ 0.71 27.11 £ 1.23 24.19 £ 0.65
X 0.44 0.14 0.71 0.26 0.61 0.21
r 0.96 0.97 0.97 0.98 0.97 0.98
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time FAC intensity distributions for different seasons are shown in Figures 2d—2f, and corresponding statistical
parameters are listed in Table 1.

Considering quiet time (HILDCAA-related) distributions, FAC,,; (Figure 2d, Table 1) exhibits 1-c deviations of
~78%, 55%, 88%, and 75% (~48%, 43%, 50%, and 57%) from corresponding mean intensities during spring,
summer, fall, and winter seasons, respectively. The deviations are ~72%, 53%, 93%, and 72% (~51%, 44%, 52%,
and 57%) for FAC,, (Figure 2e, Table 1), and ~100%, 67%, 93%, and 89% (~54%, 50%, 54%, and 63%) for
FAC,,on, (Figure 2f, Table 1), respectively, for quiet time (HILDCAA-related) FAC intensity distributions. Thus,
HILDCAA-related FAC intensity distributions are characterized by smaller deviations (from corresponding mean
intensities) compared to those during quiet intervals.

Statistical significance of the results presented in Figures 2d-2f and Table 1 are verified through computations of
statistical probability factor p. The p-values are listed and inferences are summarized in Table 4. Statistical
differences in FAC intensities among different seasons, and between HILDCAAS and quiet times are found to be
statistically significant (confirmed by p-values less than 0.05). In general, FAC intensities are prominently
stronger during HILDCAAs compared to their quiet time values in all seasons. Quiet time FAC intensity is the
strongest in the summer hemisphere (both dayside and nightside), while the weakest FAC intensity is recorded in
the winter hemisphere for dayside FACs, and in the spring hemisphere for nightside FACs. On the other hand,
HILDCAA-related FAC intensity is the weakest in the winter hemisphere (both dayside and nightside), while it is
the strongest in the summer hemisphere for dayside FACs, and in the fall hemisphere for nightside FACs.

The day-night asymmetry in the FAC intensity variations is further explored by the “double superposed epoch
analyses” (Figure 3) for HILDCAAs occurring during northern hemispheric spring (with mean duration of
~2.80 days), summer (~2.90 days), fall (~2.84 days), and winter (~3.18 days). While mean nightside FAC
intensities are little stronger than their dayside values during winter (Figure 3d), and are weaker during spring
(Figure 3a) and fall (Figure 3c) seasons, the strongest day-night asymmetry is recorded during summer
(Figure 3b). Mean dayside FAC intensities are ~0.5-0.7 MA stronger than the nightside FAC intensities both
during HILDCAAs and quiet times in the summer hemisphere. However, it may be noted that the day-night
differences in all seasons fall within 1-o deviations, indicating high uncertainties in these results. In other
words, in any particular hemisphere (season), there is no statistically significant day-night asymmetry.

4. Summary and Discussions

We conducted a statistical study on seasonal variation of HILDCAA-related FAC intensities in comparison to that
of pre-HILDCAA (quiet time) FACs. The study involves 42 HILDCAAs occurring during 2009 through 2023.
The main findings are summarized below. All these results are confirmed by statistical significance tests.

1. Intensity of total FACs flowing in both hemispheres during HILDCAAs exhibits an asymmetric Gauss dis-
tribution (Table 3), with a median FAC intensity of ~5 MA for all HILDCAAs (Figure 2a, Table 1). This is ~2
times the quiet time median FAC intensity, with slight variations between day and night (Figures 2b and 2c,
Tables 1 and 2), and from one season to the other (Figures 2d—2f, Tables 1 and 4).

2. Total FAC intensity flowing in two hemispheres (i.e., FAC without seasonal influence) exhibits statistically
significant day-night asymmetry (confirmed by statistical probability factor p < 0.05). HILDCAA-related
(pre-HILDCAA) FAC intensity is ~15% (~20%) stronger in the dayside than in the nightside (Figures 2b
and 2c, Tables 1 and 2). However, when currents flowing in a particular hemisphere (season) is considered,
there is no significant day-night asymmetry (Figure 3). These results may imply that seasonal influence
dominates over day-night variation of the FAC intensity.

3. During HILDCAAs, the dayside FAC intensity is found to be the strongest during summer, and the summer
FAC intensity is ~15%, ~32%, and ~87% stronger than during fall, spring, and winter, respectively (Figure 2e,
Tables 1 and 4). The nightside FAC intensity during fall is found to be ~8%, ~10%, and ~29% stronger than
during summer, spring, and winter, respectively (Figure 2f, Tables 1 and 4).

4. During pre-HILDCAA (quiet) times, the dayside FAC intensity is found to be the strongest during summer,
~92%, ~96%, and ~128% stronger than during spring, fall, and winter, respectively (Figure 2e, Tables 1 and
4). The nightside FAC intensity during summer is ~51%, ~62%, and ~94% stronger than during fall, winter,
and spring, respectively (Figure 2f, Tables 1 and 4).
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Table 4
Statistical p-Values Based on Seasonal FAC Intensity Comparisons Shown in Figures 2d-2f and Table 1
p-value Inference®
Spring versus summer Pre-HILDCAA 0.00e + 00 Total, dayside and nightside FAC intensities are ~91, ~92, and ~94% stronger during
0.00e + 00 summer than during spring, respectively.
0.00e + 00
HILDCAA 0.00e + 00 Total, dayside and nightside FAC intensities are ~17, ~32, and ~3% stronger during
0.00e + 00 summer than during spring, respectively.
5.56e — 15
Spring versus fall Pre-HILDCAA 5.55¢ — 19 Total and nightside (dayside) FAC intensities are ~15, and ~29% (~2%) stronger
0.000124 (weaker) during fall than during spring, respectively.
1.29¢ — 65
HILDCAA 1.44e — 234 Total, dayside and nightside FAC intensities are ~13, ~15, and ~10% stronger during fall
1.19¢ — 280 than during spring, respectively.
9.03e — 148
Spring versus winter Pre-HILDCAA 3.50e — 10 Total and dayside (nightside) FAC intensities are ~1, and ~19% (~20%) stronger
4.12e — 162 (weaker) during spring than during winter, respectively.
7.3% — 40
HILDCAA 0.00e + 00 Total, dayside and nightside FAC intensities are ~29, ~42, and ~17% stronger during
0.00e + 00 spring than during winter, respectively.
0.00e + 00
Summer versus fall Pre-HILDCAA 0.00e + 00 Total, dayside and nightside FAC intensities are ~65, ~96, and ~51% stronger during
0.00e + 00 summer than during fall, respectively.
0.00e + 00
HILDCAA 2.70e — 48 Total, and dayside (nightside) FAC intensities are ~4, and ~15% (~8%) stronger (weaker)
0.00e + 00 during summer than during fall, respectively.
5.24e — 91
Summer versus winter Pre-HILDCAA 0.00e + 00 Total, dayside and nightside FAC intensities are ~93, ~128, and ~62% stronger during
0.00e + 00 summer than during winter, respectively.
0.00e + 00
HILDCAA 0.00e + 00 Total, dayside and nightside FAC intensities are ~51, ~87, and ~20% stronger during
0.00e + 00 summer than during winter, respectively.
0.00e + 00
Fall versus winter Pre-HILDCAA 4.62e — 12 Total, dayside and nightside FAC intensities are ~17, ~16, and ~7% stronger during fall
3.22e — 104 than during winter, respectively.
0.001401
HILDCAA 0.00e + 00 Total, dayside and nightside FAC intensities are ~46, ~63, and ~29% stronger during fall
0.00e + 00 than during winter, respectively.
0.00e + 00
Pre-HILDCAA versus HILDCAA  Spring 0.00e + 00 Total, dayside and nightside FAC intensities are ~189, ~153, and ~234% (by factors of
0.00e + 00 ~2.9, ~2.5, and ~3.3) stronger during HILDCAAs than quiet periods, respectively.
0.00e + 00
Summer 0.00e + 00 Total, dayside and nightside FAC intensities are ~78, ~73, and ~76% (by factors of ~1.8,
0.00e + 00 ~1.7, and ~1.8) stronger during HILDCAAs than quiet periods, respectively.
0.00e + 00
Fall 0.00e + 00 Total, dayside and nightside FAC intensities are ~184, ~196, and ~187% (by factors of
0.00e + 00 ~2.8, ~3.0, and ~2.9) stronger during HILDCAAs than quiet periods, respectively.
0.00e + 00
Winter 0.00e + 00 Total, dayside and nightside FAC intensities are ~127, ~112, and ~138% (by factors of
0.00e + 00 ~2.3, ~2.1, and ~2.4) stronger during HILDCAAs than quiet periods, respectively.
0.00e + 00

Note. Three p-values in each row correspond to FAC,,;, FACy,,. and FAC

nighe Tespectively. A p-value less than 0.05 (p < 0.05) indicates statistically significant

differences in median values between the two comparing events such as day and night or pre-HILDCAA and HILDCAA intervals. “The percentages are based on mean

values listed in Table 1.
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Figure 3. Superposed epoch mean variations of dayside (red) and nightside (black) FAC intensities for (a) spring,

(b) summer, (c) fall, and (d) winter hemispheres. Shadings represent 1-¢ deviations from the mean intensities. The zero epoch
time corresponds to the HILDCAA onset time (marked by a vertical line). The mean durations of HILDCAAs during
different seasons are marked by horizontal bars at the bottom of each panel.

Intensification of the FAC intensity during HILDCAAs compared to pre-HILDCAA quiet interval, as shown
through case (Figure 1) and statistical (Figures 2 and 3) studies here, reflects the well-established relationship
between FAC intensity and geomagnetic activity indices (e.g., Coxon et al., 2014; Forsyth et al., 2018; Hajra
etal., 2025a; Knipp et al., 2014; Pedersen et al., 2021, 2022; Wang et al., 2024; Wilder et al., 2012, and references
therein). However, previous studies involved geomagnetic storms and substorms, both of which have signifi-
cantly different magnetospheric convection electric fields than for the HILDCAAs (e.g., Gonzalez et al., 1994).
HILDCAAs represent long intervals (2 days to weeks) of substorms/convection events (Guarnieri et al., 2018;
Hajra et al., 2013; Kozyra et al., 2006; Mendes et al., 2017; Souza et al., 2016, 2018; Tsurutani et al., 1995; Turner
et al., 2006), leading to enhanced energetic particle precipitations in the auroral ionosphere, but only weak ring
current activity well below a geomagnetic storm threshold (Gonzalez et al., 1994). Geomagnetic storms are
associated with intense and long-duration (a few hours to a day) magnetospheric convection electric fields
bringing the ring current closer to the Earth; and modest levels of brief (of the order of a few minutes) convection
electric fields may cause substorms. HILDCAAs, on the other hand, are associated with intense and discrete
convection electric fields repeating for days to weeks (see Gonzalez et al., 1994 for a comparison of storms,
substorms, and HILDCAAs). HILDCAAs are caused by magnetic reconnection (Dungey, 1961) between
geomagnetic (northward) fields and IMF southward components of Alfvén waves (Tsurutani & Gonzalez, 1987)
carried by solar wind HSSs emanated from coronal holes. Consequent enhanced convections and energetic
particle injection lead to FAC intensification. See Hajra et al. (2025b) for a detail discussion of underlying solar
wind-magnetosphere-ionosphere coupling leading to FAC intensification during HILDCAA:. It is interesting to
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note that the HILDCAA-related FAC intensification is intermediate in intensity compared to weaker (~1 MA)
FAC intensification during isolated substorms and stronger (~10 times) intensification during intense storms.

Lack of any statistically significant day-night asymmetry in FAC intensity during HILDCAAs is interesting.
While dayside FAC intensity is ~0.5-0.7 MA stronger than the nightside FAC intensity in the summer hemi-
sphere (with high 1-¢ deviations indicating significant uncertainties in this result), there is no statistically sig-
nificant day-night asymmetry during any season. Wang et al. (2005), based on 2 years of the Challenging
Minisatellite Payload magnetic field data, reported a 2-factor enhancement of the FAC densities for sunlit
compared with darkness. The dayside enhancement was attributed to the solar illumination-induced ionospheric
conductivity. However, long-duration and almost continuous energetic particle precipitation associated with
HILDCAA-related long-duration and intense substorms (e.g., Sgraas et al., 2004) may enhance the auroral
ionospheric Hall conductance at night (Wang et al., 2024; Wang & Liihr, 2023; Zhong et al., 2022), possibly
contributing to enhanced nightside FACs. This may explain lack of any day-night FAC asymmetry during
HILDCAA:s.

Most interesting results of this work are seasonal dependences of both dayside and nightside FAC intensities
during HILDCAAs and pre-HILDCAA quiet intervals. In particular, seasonal dependences of nightside FACs,
confirmed by statistical significance test, clearly contradict previous results for FACs during quiet intervals,
geomagnetic storms, and substorms. Fujii et al. (1981) and Coxon et al. (2016) reported a summer-winter
asymmetry in the dayside FACs, dayside FAC intensities being stronger during summer than during winter by
a factor of ~2. However, nightside FAC intensities did not show any significant differences from summer to
winter. Anderson et al. (2002) observed similar global dayside FAC intensifications and temporal developments
in both the southern spring and northern fall hemispheres during two intense geomagnetic storms with Dst in-
tensities of —160 and —230 nT. Wang et al. (2006) studied FAC variations associated with four intense storms
with Dst intensities of —180, —363, —401, and —472 nT occurring during October and November 2003, and
concluded that dayside FAC densities were 2.5 times higher, on average, in the summer hemisphere compared to
the winter hemisphere, while nightside intensities were comparable in both hemispheres. In summary, previous
studies reported (a) summer-winter asymmetry in dayside FAC intensity, (b) no summer-winter asymmetry in
nightside FAC intensity, and (c) no spring-fall asymmetry in FAC intensities. These results are based on limited
numbers of case studies during geomagnetic storms (e.g., Anderson et al., 2002; Wang et al., 2006) or on quiet
time statistical studies based on limited FAC observations (e.g., Coxon et al., 2016; Fujii et al., 1981). More
recently, Hajra et al. (2025a) explored ~15 years of AMPERE FAC measurements, and reported that the dayside
FAC intensity in the summer hemisphere is ~99% stronger than in the winter hemisphere, and ~35%—38%
stronger than in equinoxes. The nightside FAC intensity in winter is found to be ~14%-17% weaker than in other
seasons. In addition, these seasonal features are found to be consistent across all years and levels of solar activity.
Present results of seasonal dependences of both dayside and nightside FAC intensities seem to be consistent with
Hajra et al. (2025a) results, but for HILDCAAs and pre-HILDCAA intervals.

Seasonal variations of dayside FAC intensities have been explained by Wang et al. (2005, 2006, 2024) as being
related to stronger (weaker) ionospheric conductance caused by higher (lower) rate of photoionization or higher
(lower) solar illumination of the summer (winter) hemisphere. How to explain seasonal variations of nightside
FAC intensities? Hajra et al. (2025a) showed that while dayside FACs are largely controlled by ionospheric
conductance, nightside FACs with lesser influence of ionospheric conductance are strongly correlated to the solar
wind-magnetosphere energy coupling processes. Thus, further studies on the possible seasonal dependences of
the coupling and consequent magnetospheric convections are required to understand the seasonal variations of
nightside FAC intensities.

Appendix A: Mann Whitney Wilcoxon Test/Wilcoxon Rank Sum Test

The Mann Whitney Wilcox test/Mann Whitney U test/Wilcoxon rank-sum test is a non-parametric test used to
compare two independent groups. It does not assume normality. Instead, it compares the ranks of the data. It is
assumed that the two samples are independent. If distributions are similar in shape, the test is often interpreted as
comparing medians.

To estimate the test statistic U, data from both groups are combined and ranks are assigned to them. If sums of
ranks of the groups 1 and 2 are R1 and R2, respectively, and sizes of the groups are nl and n2, respectively,
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nl(nl +1)

R1
2

Ul =nln2 +

n2(n2 + 1)

2 =nln2
U nln2 + >

R2

U = min(U1,U2)

Null hypothesis (HO) is that the two groups come from the same distribution, the alternative hypothesis (H1) is
that one group tends to have larger/smaller values than the other.

In this test, all data points from both groups are ranked together, from the smallest to the largest values. Once all
values are ranked, the sums of the ranks from each group are computed. Thus, if the two groups come from
identical populations, then the rank sums for both groups are expected to be roughly equal. In other words,
significant deviations from this expectation can indicate differences between the groups.

Under the null hypothesis (i.e., both groups come from the same distribution), the expected value of U is:

The variance of U is:

In2(nl +n2+1
var(U) = nln2(nl +n )
12
Under the null hypothesis, and with large enough sample sizes, U is approximately normally distributed. This
property allows us to standardize U and compare it to a standard normal distribution to determine its significance.
The standardized test statistic, Z, is given by:

,_U=ED)

y/var(U)

The value of Z can then be used to determine the p-value and test the hypothesis. A significant p-value (typically
<0.05) indicates that the distributions of the two groups are not the same.

For example, for pre-HILDCAA FAC (HILDCAA-related dayside FAC) intensity distributions, U statistic is
330799349 (898294933.5), sample sizes for dayside and nightside FAC data (spring and summer hemispheric
FAC intensity) are 29673 and 27705 (39804 and 46570), respectively; sums of their ranks are 931549417 and
714596714 (1690494043.5 and 2039783081.5), respectively, and the estimated two-tailed p-value at the sig-
nificance level of 0.05 is 0.00e + 00 (5.56e—15).

Appendix B: Gaussian Curve Fitting
The FAC intensity distributions presented in Figures 2a—2c are fitted to a Gauss distribution function using the

Levenberg Marquardt iteration algorithm. The functional form is as follows:

A -2(sy

Y=Y +W—\/§3_

The parameters are defined in Figure B1: y, is the “offset”, x, is the “center”, w is the “width”, and A is the “area.”
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