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Abstract Enhancements of Birkeland field-aligned currents (FACs) have been reported during
magnetospheric substorms and geomagnetic storms. While FACs related to geomagnetic disturbances have
been extensively studied, the long-term variations of FACs remain less explored. Here, based on ~15 years of
FAC measurements from the Active Magnetosphere and Planetary Electrodynamics Response Experiment, we
present quantitative studies on the solar cycle and seasonal dependences of FACs. Yearly mean FACs (both
dayside and nightside) are found to increase with increasing F', ; solar flux, peaking ~1 year after the F ,
maximum and reaching a minimum ~1 year after the F';, ; minimum, with a maximum-to-minimum FAC ratio
of ~2-3. The dayside FAC distributions (median) are characterized by a summer hemispheric peak, ~99% and
~35%-38% stronger than in local winter and equinoxes, respectively, while the nightside FAC in winter is only
~14%—17% weaker than in other seasons. These seasonal patterns are consistent across all years and levels of
solar activity. Nightside FACs show a strong correlation (with Spearman's rank correlation coefficients

r = 0.78-0.82) with solar wind-magnetosphere energy coupling functions, the association is weaker (r = 0.58—
0.61) for dayside FACs. These results plausibly indicate that the contribution of ionospheric conductivity
dominates dayside FACs. Nightside FACs, with weaker ionospheric conductivity contributions, are “directly
driven” by energy coupling processes. These findings, based on long-term observations, will be valuable for
improving FAC modeling.

Plain Language Summary Geomagnetic field-aligned currents (FACs) flowing around the poles of
the Earth are an important aspect of the solar wind-magnetosphere-ionosphere coupling. FACs are known to be
enhanced during geomagnetic disturbances. Here we study long-term variations of FACs, their dependences on
the solar activity cycle and seasons using a ~15 yearlong FAC database. FACs exhibit a clear solar cycle
dependence, exhibiting the maximum and minimum intensities following the solar activity maximum and
minimum, respectively. Dayside FACs largely contributed by ionospheric conductivity variations exhibit the
strongest and weakest intensities during local summer and winter, respectively. Nightside FACs, with lesser
contribution from ionospheric conductance, exhibit strong association with solar wind-magnetosphere energy
coupling.

1. Introduction

The purpose of this work is to study solar cycle and seasonal dependences of Birkeland field-aligned currents
(FACs; Birkeland, 1908, 1913). We use the northern and southern hemispheric FAC measurements by the Active
Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE; Anderson et al., 2002, 2021;
Waters et al., 2001, 2020) for ~15 years, from 2 October 2009 through 31 July 2024, along with near-Earth solar
wind measurements for this study.

Theoretical prediction of FACs by Birkeland (1908, 1913) and their first measurements by the polar orbiting
satellite 1963 38C (Cummings & Dessler, 1967; Zmuda et al., 1966) were followed by the epic works of lijima
and Potemra (1976a, 1976b, 1978) establishing the large-scale morphological features of FACs. FACs consist of
two pairs of upward and downward currents along auroral-zone geomagnetic fields, closing through ionospheric
horizontal Pedersen currents. The poleward/region 1 currents, downward in the dawn sector and upward in the
dusk sector, close through the dayside magnetopause (Chapman & Ferraro, 1931) current and the magnetotail
(Ness, 1965; Speiser & Ness, 1967) current. The equatorward/region 2 currents with opposite polarity close
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through inner magnetospheric partial ring currents (Crooker & McPherron, 1972; Cummings, 1966; Fukushima
& Kamide, 1973).

Recent studies have been focused on the relationship between FACs and geomagnetic disturbances, and their solar
and interplanetary drivers. Coxon et al. (2014a) reported an increase in FAC magnitude during the substorm
expansion phase by ~1 MA, driven by dayside magnetopause reconnection (Coxon et al., 2014b). FAC magnitude
is found to maximize ~40 min after the onset of geomagnetic storms driven by corotating interaction regions (CIRs)
(Pedersenetal.,2021), and ~1 hr after the onset of storms driven by interplanetary coronal mass ejections (ICMEs)
(Pedersen et al., 2022). Wang et al. (2006) reported FAC intensification during the extreme storms in October and
November 2003 by a factor of 5 compared to quiet time FAC intensities. Analyses of global FAC maps during two
recent storms, April 2023 SYM-H = —233 nT storm (Hajra, Tsurutani, Lu, et al., 2024) and May 2024 SYM-
H = —518 nT storm (Hajra, Tsurutani, Lakhina, et al., 2024; Wang et al., 2024), revealed storm-related FACs
expanding down to ~50° magnetic latitude, and FAC intensification by a factor of ~10 than quiet time values.

Although FACs related to geomagnetic disturbances have been studied extensively, less explored are long-term
variation FACs. In an iconic work, Fujii et al. (1981) explored TRIAD satellite records during 1973, 1974, 1976,
and 1977 to study seasonal features of the northern hemispheric FACs. Coxon et al. (2016) studied FAC seasonal
and diurnal variations using the northern and southern hemispheric FAC measurements made by AMPERE from
2010 through 2015. From these studies, dayside FACs were found to be stronger during summer than during
winter by a factor of ~2, while nightside FACs did not show any significant differences from summer to winter
(Fujii et al., 1981). These results can be explained by seasonal differences in ionospheric conductance. Wang
et al. (2005) studied the influence of the solar illumination-induced ionospheric conductivity in the southern
hemispheric FACs based on 2 years of the Challenging Minisatellite Payload (CHAMP) magnetic field data.
Their observations revealed more than a factor of 2 enhancement of the FAC densities for sunlit compared with
darkness. However, Coxon et al. (2016) reported more current flows in the northern hemisphere than the southern
hemisphere, which could not be explained by variations in ionospheric conductance.

In this paper, we expand on previous studies by using a significantly larger FAC database and including mea-
surements from both hemispheres. The present observations spanning a ~1.5 solar cycle interval is suitable for
understanding the long-term variations of FACs. In addition to a study of FAC seasonal dependences, this long-
term database will be used to study, for the first time, solar cycle dependence of FACs, if any. The major questions
addressed in this work are: (a) do FAC seasonal features vary with solar cycle phases?, (b) do FACs exhibit solar
cycle phase dependence?, and (c) are the long-term FAC variation trends related to solar wind-magnetosphere
energy coupling processes? This study is aimed at increasing our understanding of long-term variability of
FACs, their underlying physical processes, and potentially leading to the development of predictive FAC models.

2. Data and Methods

The FAC data studied in this work are obtained from the AMPERE Science Data Center of the Johns Hopkins
Applied Physics Laboratory (https://ampere.jhuapl.edu/). For the present work, we have used daily data files
containing integrated FACs at 2 min time resolution, and their upward (FAC,;,) and downward (FACy,yn)
components, separately for dayside and nightside currents in the northern and southern hemispheres. Total FACs
have been estimated as FAC,,,) = (FAC,;-FAC,,,)/2. Considering separate FAC measurements for the two
hemispheres, February to April months are classified as northern hemispheric spring and southern hemispheric
fall equinoxes; May to July as northern hemispheric summer and southern hemispheric winter solstices; August to
October as northern hemispheric fall and southern hemispheric spring equinoxes; and November to January as
winter in northern hemisphere and summer in southern hemisphere.

The near-Earth solar wind plasma and interplanetary magnetic field (IMF) parameters are obtained from NASA's
OMNIWeb Plus database (https://omniweb.gsfc.nasa.gov/) (King & Papitashvili, 2020). The 1-min resolution
data are utilized to estimate the following solar wind-magnetosphere coupling functions. The Newell coupling
function N, estimated as V;/ 3 B%g sin¥3(6/2), is assumed to give an empirical estimate of the rate at which
open magnetic fluxes at the magnetopause are closed (Newell et al., 2007). ®, = 3.2 x 10° Vg/ 3ByZ sin”2(8/2)
estimates the rate of dayside magnetopause reconnection (Milan et al., 2012). The Akasofu e-paremeter,
e = V,,Bg sin*(6/2) R%, where Rep = (23125/(/40m,,N,,V!2,))1/6RE (Chapman & Ferraro, 1931), gives an empir-

ical estimate of magnetospheric energy input rate (Perreault & Akasofu, 1978). In the above expressions, V, is the
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solar wind proton speed, N, is the proton density, m,, is the proton mass, B, is the magnitude of IMF, B,, B,, and B,
are IMF components, By, = 4 /B)z, + Bg, 01is the IMF clock angle, B is the equatorial geomagnetic field intensity

on the surface of the Earth, yj is the free space permeability, and Ry is the Earth's radius. VB; is the motional/
reconnection electric field, where V = V,, and B, is the IMF southward component (Burton et al., 1975; Finch
et al., 2008; Tsurutani et al., 1992).

We computed distributions of FACs by dividing the minimum-to-maximum FAC range into small bins, and
counted the numbers of observations for each bin. The distributions are expressed as percentages of total
observation counts. The statistical difference of two distributions is estimated by the two-tailed probability factor
p (Reiff, 1990). As the distributions are found to be non-normal, the nonparametric Mann Whitney Wilcoxon test/
Wilcoxon Rank Sum test (Gibbons & Chakraborti, 2011) is used for the calculating the p-values.

The relationships between the coupling functions and FAC parameters are assessed based on computations of
Spearman's rank correlation coefficients. This non-parametric test is more appropriate than the traditional
(Pearson's) correlation analysis, as the data exhibit nonlinearity or non-normal distributions. The statistical sig-
nificance of the correlation coefficients are verified by the Student's 7-test (Student, 1908).

The solar cycle is characterized by the F solar fluxes (daily mean), obtained from the Laboratory for At-
mospheric and Space Physics (LASP) Interactive Solar Irradiance Data Center (https://lasp.colorado.edu/lisird/).

3. Results

Figure 1 shows variations of daily and monthly mean dayside total FACs (FACy,,) in the northern and southern
hemispheres along with solar wind-magnetosphere coupling functions N¢g, @p, €, VB,, and the F, ; solar fluxes
during 2009 through 2024.

As clear from the F'|, ; variation (Figure 1g), the period of this study includes the complete solar cycle 24 (from
2009 through 2019) and the ascending to maximum phases of solar cycle 25 (from 2020 through 2024). While the
coupling functions exhibit small-scale fluctuations (Figures 1c—1f), FACs are found to exhibit an annual variation
(Figures la and 1b). The latter is confirmed by a strong peak at ~12 months in the Lomb-Scargle (Lomb, 1976;
Scargle, 1982) power spectra of FAC,, (see Appendix A Figure Al). No such annual variation is observed in the
coupling functions (not shown). This result plausibly indicates that the long-term trends in FAC,,, are not driven
by solar winds. This will be discussed later in this paper.

The long-term trends of FACs are further explored in Figure 2. The analyses include both dayside and nightside
FAC:s in the northern and southern hemisphers separately. Figure 2b shows the year-month contour of monthly
mean FAC,, in the northern hemisphere. The contour plot presentation is suitable to identify any year-to-year or
solar cycle variation of FAC seasonal features, as well as month-to-month or seasonal variation of solar cycle
variation of FAC:s, if any. Three prominent FAC,,, peaks are recorded: during July 2012, August 2015, and May
2024. While the 2024 peak corresponds to the ascending phase or the maximum of solar cycle 25 (note that it is
not yet known if the solar cycle 25 peak has occurred or not), the 2012 peak preceeds and the 2015 peak follows
the solar cycle 24 peak (during 2014). When averaged over all months in a year, that is, the yearly mean northern
hemispheric FACy,, is found to increase with increasing F'y( ; from solar minimum during 2009, exhibits a minor
peak during 2012 followed by a decrease during 2013 (Figure 2g). The strongest FACg,, peak is observed during
2015, ~1 year after the F; peak during 2014. While the FACy,, decreases after 2015, the entire descending
phase upto 2017 is characterized by strong FAC,, values. The FAC,,, minimum is observed during 2020, well
after the Fo; minimum during 2019. Considering yearly mean FAC,,, values, the maximum-to-minimum
FAC,,, ratio is ~2.7. This indicates significant (~170%) solar cycle variation of FAC,,,, which varies from
one season to the other (see Appendix B, Figure B1 and Table B1).

For all years shown in Figure 2b, while the FACy,, peak occurrence varies from year to year, the May-July
interval (northern hemispheric summer) is characterized by the strongest FAC,,, values on average over all years
(Figure 2a shows monthly FACs, that is, the FAC intensities in each month averaged for all years). On both sides
of the summer peak, gradual decreases can be noted in the FAC,,, intensity during spring and fall equinoxes, with
the weakest FAC,,, during winter months. On average, the summer FACy,, is ~2.3 times (~130% stronger than)
the winter minimum value. The summer-to-winter (maximum-to-minimum) ratio/asymmetry is consistently
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Figure 1. Variations of FACs and solar wind-magnetosphere energy coupling functions during 2009 through 2024. From top
to bottom, the panels are (a) the northern hemispheric dayside FAC (FACday), (b) the southern hemispheric FACday, (c) the
Newell coupling function N, (d) the dayside magnetopause reconnection rate @;,, (e) the Akasofu e-parameter, (f) the
motional electric field VB, and (g) the F, 5 solar flux. In each panel, filled circles indicate daily mean values, and solid lines
indicate monthly mean values.
observed during years of high solar activity (2011-2015, 2022-2024) and low solar activity years (2009, 2010,
2016-2021) (see Appendix C, Figure C1 and Table C1).
Southern hemispheric FAC,,, year-month contour is shown in Figure 2c. As expected, southern hemispheric
winter months (May—July) are characterized by the weakest FAC,,, while southern hemispheric summer months
(November-January) exhibit the strongest FACg,, values. However, on average, the northern hemispheric
summer FAC,,, is ~1.4 times the southern hemispheric summer FAC,,. The southern hemispheric summer
(maximum)-to-winter (minimum) FAC,, ratio is ~2.0. The southern hemispheric FAC,, exhibits more or less
similar solar cycle variation as the northern hemispheric FAC,,, with a peak during 2015, a minimum during
2019 (Figure 2h), and a peak-to-minimum ratio of ~2.6 (Appendix B, Table B1).
The year-month contours of nightside FACs (FAC,,;,p,) in the northern and southern hemispheres are shown in
Figures 2e and 2f, respectively. They exhibit similar solar cycle profiles as in the FAC,, exept that yearly mean
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Figure 2. Seasonal and solar cycle variations of FACs. Contour plots (b, c, e, f) show year-month contours of monthly mean FACs. Different colors indicate FAC
intensities as shown in the color bar at the left. Data gaps are marked by gray shadings. Top panels (a, d) show monthly mean FAC variations during different months.

The right-hand panels (g, h) show yearly mean FAC and F , variations during different years. FACdayNH and FAC

wight - (FAC,, S and FAC,;,,>") indicate

dayside and nightside FACs in the northern (southern) hemisphere, respectively. FACs are given in the unit of MA, and F -, in the solar flux unit (sfu), where

1 sfu=10"2W m > Hz "

FAC,;;gn, values are significantly lower than yearly mean FAC,,, values, particularly during high solar activity
periods (Figures 2g and 2h). The maximum-to-minimum yearly mean FAC,,p, ratio is ~2.2 for the northern
hemisphere, and ~3.0 for the southern hemisphere (~120%-200% solar cycle varistions of FAC,;,p,,). However,
the seasonal variations of FAC,,,, (Figure 2d) are significantly different than those of FAC,,, (Figure 2a). In the
northern hemisphere (Figure 2e), the FAC,,,, exhibits more or less similar values from February through
October, with slightly lower values during winter months (Novenber-January). In the southern hemisphere
(Figure 2f), May-July (sountern hemispheric winter) exhibit slightly lower FAC,;,, compared to other months.
The summer-to-winter ratio for FAC,;,p, is only ~1.3 (~30% variation), indicating weaker seasonal dependence
of FAC ,gh-

An interesting feature of the day-night asymmetry is revealed from comparison of FACs in the summer and winter
hemispheres. In the summer hemisphere, FAC,,, is ~1.5 times (~50% stronger than) FAC, ;.. On the other hand,
in the winter hemisphere, FAC,,;.y, is slightly stronger than FAC,,, by a factor of ~1.2 (~20%).

The seasonal variations are further studied by computations of statistical distributions of FACs. Figure 3 shows
distributions of monthly mean FAC,,,, FACy,,, and FAC and the statistical results are summarized in
Table 1. As clear from large 1-c deviations (~26%-34% of the mean values), FACs exhibit a large range of

night>

variation. Considering medians of the non-normal distributions, FACg,, in the summer hemisphere is found to be
~99%, ~38%, and ~35% stronger than in the winter, spring, and fall hemispheres, respectively. The spring and
fall hemispheric FAC,,, median values are ~45%, and ~48% stronger than in the winter hemisphere,
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Figure 3. Distributions of the monthly mean (a) FAC,y, (b) FAC,,,, and (c) FAC,, for spring (orange), summer (red), fall
(green), and winter (blue) hemispheric FAC measurements. Downward arrows indicate median values of the distributions.

respectively. However, the seasonal differences are significantly lower for FAC Winter hemispheric FAC

is ~17%, ~16%, and ~14% weaker than in the summer, fall, and spring hemispheres, respectively.

night* night

We also identified day-night asymmetries in FACs in each of the seasons. While FAC,,, is ~49%, ~12%, and
~11% stronger than FAC,;,,, in summer, fall, and spring hemispheres, respectively, FACy,, is ~10% weaker than
FAC, ,;p in the winter hemisphere.

Statistical significances of these seasonal and day-night variations have been confirmed by the statistical prob-
ability factor p < 0.05 (Press et al., 1992). Results presented in Figure 3 and Table 1 (considering medians of non-
normal distributions) are consistent with those presented in Figures B1, C1, and 2, and Tables B1 and C1
(considering mean values). However, slight differences in the numbers (percentages) are due to the use of me-
dians and mean values.

Figure 4 shows variations of monthly mean FACs with monthly mean values of the solar wind coupling functions.
To assess the relationships between the parameters, we estimated the Spearman's rank correlation coefficients (7),
which are listed in Table 2. While both FAC,, and FAC,,p,, exhibit increasing trends with increases in the
coupling functions (Figure 4), the correlation coefficients are prominently stronger for FAC,;,p,, (r = 0.78-0.82)
than for FACy,, (r = 0.58-0.61). This result plausibly indicates that long-term variations of FAC,;,,, are “driven”
by solar wind-magnetosphere coupling processes, while contribution of the energy coupling is slightly lesser on
the FACy,, variations (consistent with result obtained from Figure 1).

4. Discussion

We have used a ~15-yearlong FAC database to study long-term variations of FACs. Both dayside and nightside
FAC:s exhibit significant solar cycle phase dependence with the strongest FACs occurring ~1 year after the solar
cycle F, - peak occurrence and the weakest FACs recorded ~1 year after the solar cycle minimum. The yearly
mean FAC maximum-to-minimum ratio is ~2-3 in a solar cycle, indicative of large (~100%-200%) FAC
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Table 1

Statistical Mean + 1-6 Deviation (Median) of FAC Distributions Shown in

Figure 3

FAC,.; (MA)

FAC,,, (MA)

FAC,;gn (MA)

Spring
Summer
Fall

Winter

1.63 + 0.47 (1.61)
1.96 + 0.61 (1.93)
172 + 0.52 (1.63)
1.24 + 042 (1.17)

0.86 % 0.29 (0.83)
1.16 + 0.39 (1.15)
0.93 + 0.32 (0.85)
0.57 £ 0.22 (0.58)

0.77 £ 0.20 (0.75)
0.80 % 0.23 (0.77)
0.79 + 0.22 (0.76)
0.67 £ 0.21 (0.64)

variability induced by solar and solar wind activities. The solar cycle variation
is observed for both dayside and nightside FACs in all seasons. Such a solar
cycle dependence of FACs is reported for the first time, to our knowledge.
The descending phase of the solar cycle is characterized by enhanced FACs.
This latter result may be associated with substorm and convection events
driven by solar wind high-speed streams (HSSs; Neugebauer & Snyder, 1966;
Phillips et al., 1995; Tsurutani et al., 2006) emanated from solar coronal holes
(Krieger et al., 1973), which are encountered by Earth more frequently during
the descending phase when the coronal holes expand in size and move

Table 2

equatorwad on the sun (Tsurutani et al., 1995; Tsurutani, Gonzalez,
et al., 2006; Tsurutani, McPherron, et al., 2006). Previous studies have shown higher occurrences of isolated
substorms (Tanskanen, 2009; Tanskanen et al., 2011) as well as of intense substorm clusters continuing for
several days (Hajra et al., 2013; Tsurutani & Gonzalez, 1987) during the descending phase. Latter events are
called high-intensity long-duration continuous auroral electrojet (AE) activities (HILDCAAs; Tsurutani &
Gonzalez, 1987), which are caused by HSS Alfvén waves.

We observed a summer-to-winter ratio of ~2-2.3 for dayside monthly mean FACs and ~1.3 for nightside FACs.
Based on the FAC distributions (median values) during different seasons, dayside current in the summer hemi-
sphere is ~99% stronger than in the winter hemisphere, and ~35%-38% stronger than in the equinoxes. Nightside
current in the winter hemisphere is only ~14%—17% weaker than in other seasons. The numbers indicate strong
seasonal variation of dayside FACs and weaker seasonal depence of nightside FACs. These quantitative results are
consistent with results presented by Fujii et al. (1981) based on ~4 years of TRIAD spacecraft observations of
northern hemispheric currents, and with the Coxon et al. (2016) results based on ~6 years of AMPERE FAC
measurements in both hemispheres. What is new in this present study is that using ~15 years of database, we were
able to find year-to-year or solar cycle phase variation of the seasonal dependences (not done in previous works
based on shorter databases). It is found that the summer-winter asymmetry of dayside FACs and lack of the same (or
weaker asymmetry) for nightside FACs are consistent for all years or solar activity levels, with only slight vari-
ations in the intensities. A clear hemispheric asymmetry is noted in terms of a ~1.4 factor stronger dayside FACs in
the northern summer than in the southern summer. We recommend Coxon et al. (2016) for an extensive discussion
of the hemispheric asymmetry in the current intensities in the context of reported hemispheric asymmetries in
ionospheric electron densities (Tulunay & Grebowsky, 1987) and total electron content (Clausen & Moen, 2015),
which are closely related to ionospheric conductance, in ionospheric convection velocities (Forster et al., 2007), in
cross-polar cap potential (Forster & Haaland, 2015), in ion drift velocities and high-latitude neutral wind vortices at
dawn and dusk, attributed to asymmetries in the geomagnetic fields (Cnossen & Forster, 2016).

Another interesting and new result is a varying day-night asymmetry between summer and winter hemispheres.
While dayside FACs are, on average, ~1.5 times nightside FACs in the summer hemisphere, nightside FACs are
stronger (by a factor of ~1.2) than dayside FACs in the winter hemisphere. Dayside FACs being stronger than
nightside FACs in the summer hemisphere is consistent with variation of ionospheric conductance between day
and night. However, nightside FACs being stronger than dayside FACs in the winter hemisphere is inconsistent
with the solar illumination-induced conductance variation hypothesis. Is this result related to much cumulative
currents during longer-duration winter nights than shorter days? Or, is it due to stronger influence of solar wind
energy flow (higher correlation with solar wind-magnetosphere coupling functions) during nights as observed in
this work? Recent studies (Wang & Liihr, 2023; Wang et al., 2024; Zhong et al., 2022) indicated that energetic

Spearman's Rank Correlation Coefficients (r) Between Monthly Mean FACs and Solar Wind-Magnetosphere Coupling Functions Shown in Figure 4

FACy,, FAC

night

Northern Hemisphere

Southern Hemisphere Northern Hemisphere Southern Hemisphere

NCF

0.58
0.61
0.61
0.60

0.59 0.79 0.80
0.59 0.78 0.78
0.60 0.82 0.82
0.59 0.82 0.80

Note. The correlation coefficnets are significant at >99.9% confidence level, as confirmed by Student's #-test (Student, 1908).

HAJRA ET AL.

8 of 13

5USD1T SUOILIOD SAITER1D) 3|qedt|dde ay) Aq peutenof afe sajonte YO ‘3sn Jo SajnJ oy ArigiT auljuQ A3 |1 UO (SUO R IPUOD-pUe-SWLIBYWOY A 1M Afeiq 1 BUIUO//SdNY) SUOIIPUOD PUe SWS | Y} 39S *[5202/S0/6T] U AriqiTauliuQ A3|IM ‘euiyDsueIy0) Aq TH00MSSZ02/620T OT/10p/wod A 1m AfeiqipuluosgndnBe//sdny wouy papeoumod ‘S ‘G20z ‘06€.L27ST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Space Weather 10.1029/2025SW004441

particle precipitation associated with substorms may enhance the auroral ionospheric Hall conductance during
nighttime, possibly contributing to enhanced nightside FACs in the winter hemisphere. However, this hypothesis
should be tested by furture studies.

We found that dayside FACs, largely controlled by ionospheric conductance, exhibit a clear and strong seasonal
dependence, while nightside FACs with lesser influence of ionospheric conductance are strongly correlated to the
solar wind-magnetosphere energy coupling processes. In other words, long-term trends of dayside and nightside
FAC:s are plausibly driven by two different mechanisms, ionospheric conductance and solar wind-magnetosphere
energy coupling, respectively, or relative contributions of these two factors vary between day and night. In
addition, the nightside current system should also be modulated by substorm activity and the flux-integrated
conductivity in both hemispheres (Wang & Liihr, 2021, 2023). These results should be implemented in any
modeling efforts for FACs. The quantitative results presented in this work may be useful in developing predictive
FAC models.

Appendix A: Lomb-Scargle Periodograms

Figure A1l shows Lomb-Scargle periodograms of monthly mean dayside field-aligned currents (FACs) in the
northern and southern hemispheres. These are characterized by clear peaks in the spectral power at a ~12-month
period. This result is a clear indicative of annual variation of dayside FACs.

50

——FACHl}

—— FACSH,

40 -

30

20

Power (arbitrary unit)

5 10 15 20

Period (month)

Figure Al. Lomb-Scargle periodograms of northern and southern hemispheric dayside FACs, indicated by FACdayNH and
FACdaySH, respectively. Clear peaks are observed in power for a period of ~12 months.

Appendix B: Solar Cycle Variations

Figure B1 shows variations of yearly mean FACs for all months combined as well as separately for different
seasons. Variation of F 5 solar flux is included to compare the FAC variations with solar activity cycle. FAC
variations are characterized by a peak intensity ~1 year after the F', ; peak and a minimum ~1 year after the F 5
minimum. The maximum-to-minimum ratios in the yearly mean FAC variations are listed in Table B1. The ratio
varies between ~1.9 and ~4.1, indicating large solar cycle variations of ~90%—310%. While the FAC solar cycle
variation is observed in both hemispheres, for both day and night, and during all seasons, we note slight variation
in the ratio during different seasons.
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Figure B1. Variations of yearly mean FACs for all months (black), spring (orange), summer (red), fall (green), and winter
(blue) seasons (lines, legend on the left) and F', ; solar fluxes (histogram, legend on the right). From top to bottom, the panels
correspond to FACg,, in the northern and southern hemispheres, and FAC,;,,, in the northern and southern hemispheres,
respectively.
Table B1
The Maximum-to-Minimum Ratios in Yearly Mean FAC Variations for All Months and During Different Seasons Shown in
Figure Bl
All Spring Summer Fall Winter
FAC,,,"" 2.7 22 2.6 3.0 3.9
FAC,,,*" 2.6 24 4.1 2.6 3.6
FAC i, 2.2 2.0 2.6 2.6 2.7
FAC,; " 3.0 1.9 2.6 3.1 35
Appendix C: Seasonal Variations
Figure C1 shows variations of monthly mean FACs for all years and years of low (2009, 2010, 2016-2021) and
high (2011-2015, 2022-2024) solar activities. Based on this analysis, we computed summer maximum to winter
minimum FAC intensity ratios in order to quantify the summer-winter asymmetry in FACs. The ratios are listed in
Table C1. The ratio varies between ~2.0 and 2.5 for FAC,,, and between ~1.3 and ~1.5 for FAC,;,,., indicating
strong (~100%-150%) summer-winter asymmetry for FAC,, and weaker (~30%—-50%) asymmetry for FAC; g
This seems to be consistent at different solar activity phases.
HAJRA ET AL. 10 of 13

5USD1T SUOILIOD SAITER1D) 3|qedt|dde ay) Aq peutenof afe sajonte YO ‘3sn Jo SajnJ oy ArigiT auljuQ A3 |1 UO (SUO R IPUOD-pUe-SWLIBYWOY A 1M Afeiq 1 BUIUO//SdNY) SUOIIPUOD PUe SWS | Y} 39S *[5202/S0/6T] U AriqiTauliuQ A3|IM ‘euiyDsueIy0) Aq TH00MSSZ02/620T OT/10p/wod A 1m AfeiqipuluosgndnBe//sdny wouy papeoumod ‘S ‘G20z ‘06€.L27ST



I Vedl
NI
Space Weather 10.1029/2025SW004441
AND SPACE SCIENCES
2.0 ] All
2154 Low solar activity
O 104 High solar activity
< i
L 0.5+
OO _ T T T T T T T T T T T T
o 1.5 -
UI)g 1 O ]
2 .
w 0.5+
00 _ T T T T T T T T T T T T
. 0.9
<
=2 0.6
&E) '
00 _ T T T T T T T T T T T T
- 0.9
<
5206 ‘é‘s‘ﬁw
2 o
00 T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
Figure C1. Variations of monthly mean FACs for all years (black) and years of low solar activity (2009, 2010, 2016-2021,
blue), and high solar activity (2011-2015, 2022-2024, red). From top to bottom, the panels correspond to FAC,,, in northern
and southern hemispheres, and FAC,,;,, in northern and southern hemispheres, respectively.
Table C1
The Summer-to-Winter Ratios in Monthly Mean FACs for All Years and During Years of Low (2009, 2010, 2016-2021) and
High (2011-2015, 2022-2024) Solar Activities Shown in Figure C1
All Low solar activity High solar activity
FAC,, ™" 2.3 2.4 2.5
FAC,,,*" 2.0 2.3 2.2
FAC, 1.3 1.5 1.4
FAC,; " 1.3 1.5 1.3
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Data Availability Statement
The FAC data are obtained from the AMPERE Science Data Center of the Johns Hopkins Applied Physics
Laboratory (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). 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 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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