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Abstract—Birkeland field-aligned currents (FACs) are associated with solar wind-magnetosphere energy
coupling leading to substorms/convection events. FAC intensity enhancements have been studied during
geomagnetic storms driven by interplanetary coronal mass ejections and corotating interaction regions.
Here we present an in-depth analysis of long-term FAC variation, strongly modulated by solar wind
high-speed streams (HSSs) emanated from solar coronal holes. Variations of both dayside and nightside
FAC intensities during June 2016 through June 2017 are characterized by prominent periodicities of
~14, ~26, and ~29 days (in descending order of amplitude), highly correlated to the empirically estimated
rate of magnetic flux opening at the dayside magnetopause. The periodicities represent the ~27-day solar
rotation period and its harmonic, resulting from the combined impacts of recurring HSSs emanated from
multiple long-lived coronal holes, corotating with the Sun. Modulation of the long-term FAC intensity vari-
ation by recurring HSSs is confirmed by statistical regression, cross-wavelet, and coherence analyses.
These results may be useful in developing FAC prediction models.
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1 Introduction

The Birkeland geomagnetic field-aligned currents (FACs;
Birkeland, 1908) are an important aspect of the solar wind-mag-
netosphere-ionosphere coupling. The two-component currents
consist of a poleward region 1 component closing via the day-
side magnetopause, and an equatorward region 2 component
closing in the nightside partial ring current (lijima & Potemra,
1976, 1978). Thus, they are closely related to magnetic recon-
nection (Dungey, 1961) and/or viscous interaction (Axford &
Hines, 1961) at the magnetopause and substorm activity. See
also Tsurutani et al. (1998, 2001) and Lakhina et al. (2000,
2003) for plasma waves in the polar cap boundary layer. During
the last few decades, significant progress has been made on
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understanding the origin of FACs and their dependence on
ionospheric conductivity, seasons, geomagnetic storms, and
substorms. Dayside FAC intensities are known to exhibit an
annual variation with a summer peak and a winter minimum,
the summer FAC intensity being ~2 times the winter FAC
intensity on average (Fujii et al., 1981; Wang et al., 2005;
Coxon et al., 2016; Hajra et al., 2025¢). Based on a statistical
study of FACs during 2900 substorms, Coxon et al. (2014a)
reported a prominent increase in the FAC magnitude in the sub-
storm growth phase, peaking in the expansion phase, followed
by a decrease to pre-substorm level in the substorm recovery
phase. The maximum increase of the FAC magnitude (intensity)
was found to be ~1 MA during a substorm cycle. The sub-
storm-related current magnitudes were found (Coxon et al.,
2014b) to be strongly related to empirically-estimated magnetic
reconnection rate @p, at the dayside magnetopause (Milan et al.,
2012). For geomagnetic storms driven by corotating interaction
regions (CIRs) and interplanetary coronal mass ejections
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(ICMEs), FAC magnitudes have been reported to maximize at
~40 min and ~1 h, respectively, after the storm onset (Pedersen
et al., 2021, 2022). Pedersen et al. (2023) reported a delayed
response of FACs from the Newell coupling function Ncg
which provides an empirical measure of the rate at which mag-
netopause magnetic fluxes are opened (Newell et al., 2007).
Total time-integrated FAC intensities were found to lag behind
Ncr by ~40 min during storms driven by CIRs and interplane-
tary sheaths. The delay was ~1 h for storms driven by magnetic
clouds (MCs). FAC intensifications up to a factor of ~10 have
been reported during strong geomagnetic storms, compared to
the quiet time FAC intensities (Wang et al., 2006, 2024; Wilder
et al.,, 2012; Knipp et al., 2014; Le et al., 2016; Lyons et al.,
2016; Pedersen et al., 2022; Hajra et al., 2024a, 2024b). Recent
studies show that high-intensity long-duration continuous auro-
ral electrojet (AE) activities (HILDCAAs; Tsurutani & Gonza-
lez, 1987), which are caused by interplanetary Alfvén waves
primarily during the solar cycle declining phase (Hajra et al.,
2013), may lead to sustained FAC intensity enhancements by
a factor of ~5 for several days (Hajra et al., 2025a, 2025b).

The purpose of this work is to study the modulation of the
long-term FAC variations by solar wind high-speed streams
(HSSs) emanated from solar coronal holes. It is well known that
HSSs modulate the magnetosphere-ionosphere system, leading
to outer radiation belt relativistic electron flux enhancements
(Paulikas & Blake, 1979; Hajra et al., 2014a, 2015a, 2015b,
2024c; Tsurutani et al., 2016; Hajra & Tsurutani, 2018; Hajra
2021), recurrence of moderate intensity geomagnetic storms
(Tsurutani et al., 1995, 2006b; Alves et al., 2006; Chi et al.,
2018), intensification of substorms and associated ionospheric
energy dissipation (e.g., Tanskanen et al., 2005), and occur-
rences of HILDCAAs (Tsurutani & Gonzalez, 1987; Hajra
et al., 2013, 2014b). While variability of FACs during storms,
substorms, and HILDCAAs, and dependences of FACs on solar
wind coupling have been extensively studied, the influence of
HSSs on the long-term FAC variations has not been explored
in detail. In the present work, we will study FAC intensity vari-
ations from June 2016 through June 2017, during the minimum
phase between solar cycles 24 and 25. During this ~1-year
interval, the terrestrial magnetosphere encountered a series of
HSSs emanating from solar coronal holes.

2 Data and methods
2.1 The FAC database

The radial FAC intensity data analyzed in this work are
based on magnetic field measurements by ~70 polar Iridium®
satellites of the Active Magnetosphere and Planetary Electrody-
namics Response Experiment (AMPERE; Waters et al., 2001;
Anderson et al., 2002). The FAC intensity time series (at a res-
olution of 2 min) from 1 June 2016 through 30 June 2017 is ob-
tained from the AMPERE Science Data Center of the Johns
Hopkins Physics Laboratory. We estimated total northern and
southern hemispheric FAC intensities FACt using FAC intensity
upward (FAC,;,) and downward (FAC4own) components: FACt
= 1/2 (FAC,, — FACgown). Given that FAC,, and FAC ., are
positive and negative quantities, respectively, FACt is defined
as a positive quantity. We have considered dayside and night-
side currents separately as well, where they refer to 0618

magnetic local time (MLT) and 1806 MLT, respectively, in
altitude-adjusted corrected geomagnetic coordinate (AACGM;
Baker & Wing, 1989) local time.

2.2 The solar wind measurements

Upstream solar wind plasma and interplanetary magnetic
field (IMF) measurements (1-min resolution) are obtained from
NASA’s OMNIWeb Plus database (King & Papitashvili, 2020).
The IMF vector components are in the geocentric solar magne-
tospheric (GSM) coordinate system. This system has the x-axis
directed toward the sun, and the y-axis is in the Q x %/|Q x X|-
direction, where € is the magnetic dipole pole in the northern
hemisphere. The z-axis completes a right-hand system.

2.3 Identifications of HSSs and CIRs

From the solar wind proton speed V}, temporal variation, an
HSS is identified with a peak ¥, = 500 km s~!, preceded by a
gradual rise and followed by a slower decay (Tsurutani et al.,
1995). Origin of the HSS from a solar coronal hole (Krieger
et al., 1973) is confirmed by analysis of solar coronal images
taken by the Atmospheric Imaging Assembly (AIA) onboard
NASA’s Solar Dynamic Observatory (SDO) and the solar syn-
optic maps obtained from the Space Weather Prediction Center
of the National Oceanic and Atmospheric Administration
(NOAA). Enhanced proton density N, ram pressure Ps,, and
IMF magnitude By in the interaction region between the HSS
and a slow solar wind are signatures of a CIR (Smith & Wolfe,
1976).

2.4 Estimation of coupling functions

Using in-situ solar wind measurements, we estimated the
Newell coupling function N¢ and the @, parameter. Np, com-

puted as V'3 B>/*sin**(0/2), gives an empirical estimate of the

rate at which magnetic fluxes are opened at the magnetopause
(Newell et al., 2007). ®p presents the rate of dayside magne-
topause reconnection, empirically estimated as: ®p = 3.2x

10°V}*B,.sin”?(0/2) (Milan et al., 2012). In these expres-
sions, By, = 4/ Bi —|—B§, By and B, are the IMF components,
and 0 is the IMF clock angle.

2.5 The geomagnetic database

The geomagnetic conditions are explored by the 1-min res-
olution SYM-H index (Iyemori, 1990) obtained from the World
Data Center for Geomagnetism, Kyoto, Japan, and the west-
ward auroral electrojet proxy SML (at 1-min resolution)
obtained from the SuperMAG database (Gjerloev, 2009). The
SYM-H index is considered a proxy for the equatorial geomag-
netic ring current (Dessler & Parker, 1959; Sckopke, 1966). A
geomagnetic storm is identified by the criterion: SYM-H
< =50 nT (Gonzalez et al., 1994). On the other hand, SML
intensifications are associated with substorm-related auroral
ionospheric westward currents. The substorm occurrence times
are obtained from a SuperMAG substorm list (Ohtani & Gjer-
loev, 2020).
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Figure 1. Solar wind, geomagnetic conditions, and FACs associated with a solar wind HSS during 19-26 March 2017. From top to bottom, the
panels are: (a) solar wind proton speed ¥}, (b) proton density N, (black, legend on the left) and ram pressure Py, (red, legend on the right), (c)
proton temperature 77, (black, legend on the left) and plasma-f (red, legend on the right), (d) interplanetary magnetic field (IMF) magnitude B,,
and By, By, and B, components, (e) the Newell coupling function N¢r (black, legend on the left) and dayside magnetic reconnection rate ®p,
(red, legend on the right), (f) symmetric ring current index SYM-H, (g) westward auroral electrojet index SML (black, legend on the left) and
number of substorms in each 3-h interval (red, legend on the right), and (h) total FAC intensity (FACr) in the northern hemisphere (NH; black)

and southern hemisphere (SH; red). Vertical shading indicates a CIR.

2.6 Periodicity analyses

Periodic variations of the FACs, solar wind, and geomag-
netic parameters are studied by the Lomb-Scargle periodogram
analysis (Lomb 1976; Scargle 1982), which is a suitable tool for
identifying the significant periodicities in unequally spaced data.
We applied cross-wavelet transform (XWT), which provides a
dynamic energy correlation between two time series (Grinsted
et al., 2004; see also Souza et al., 2016, 2018; Hajra et al.,
2021, 2023 for detailed definitions, descriptions and examples).
In addition, XWT coherence is computed to study the relation-
ship between the two parameters. As we are interested in long-
term relationships, all data for XWT and coherence analyses are
processed into 30-min resolution by taking 30-min running
averages so that they precisely coincide (in time) with each
other.

3 Results

Figure 1 shows an example of a solar wind HSS, associated
geomagnetic variations, and FAC intensities during 19-26
March 2017. From the solar wind ¥}, temporal variation, an
HSS is identified with a peak ¥V, of ~719 km s at
~10:56 UT on 22 March (Fig. 1a). The peak is preceded by
a gradual rise at ~3.4 m s~ ~ and is followed by a slower decay
at ~1.0 m s—2. Considering a propagation time of ~2.4 days

(from the Sun to Earth) of the V}, ~ 719 km s ' HSS, a large,
long-lasting coronal hole identified at the Sun on 20 March is
determined to be the solar source of the HSS. The coronal hole
is shown in Figure 2a. From solar synoptic analysis (Fig. 2b),
the coronal hole has a positive polarity (i.e., magnetic field
pointing away from the Sun). The polarity is consistent with
the anti-sunward IMF direction, as evident from negative By
and positive B, components of IMF during the HSS (Fig. 1d).
Large fluctuations in the IMF polarity (highly correlated to
the plasma velocity components, not shown) during the HSS
are a signature of interplanetary Alfvén waves (Coleman
1966; Belcher & Davis, 1971; Neugebauer et al., 1984). The
proton temperature 7, (Fig. 1c) follows the ¥}, temporal profile
in the HSS.

The interaction region between the HSS and a slow stream
with 7, of ~310-320 km s~ ! (identified on 1920 March) is
characterized by enhanced peak N, (~53 cm >, Fig. 1b), Pg,
(~15 nPa, Fig. 1b), and IMF B, (~19 nT, Fig. 1d), representing
plasma and magnetic field compressions inside a CIR.

The CIR and the HSS proper are characterized by enhanced
magnetopause reconnection rate (®p, Fig. le) and consequent
magnetic flux opening rate (Ncp, Fig. le), leading to increases
in the ring current (Fig. 1f) and auroral substorm activities
(Fig. 1g) compared to the pre-CIR interval. While SML varia-
tion shows enhancement of substorm-related westward current
intensity, the number of substorm occurrences in each 3-h inter-
val substantially increased during the interval of high ®p and
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Figure 2. Coronal hole identified on 20 March 2017. (a) Solar image taken by NASA’s SDO/AIA telescope at the wavelength of 193 A. The
dark region around the center of the image is a coronal hole. (b) Solar synoptic map. The coronal hole is assigned NOAA number 72 and is

characterized by a positive polarity magnetic field.
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Figure 3. Solar wind, geomagnetic indices/conditions, and FAC intensities from 1 June 2016 through 30 June 2017. The panels are in the same

format as in Figure 1.

Ncr. However, the peak SYM-H is —46 nT, above the geomag-
netic storm threshold (SYM-H < —50 nT). This is consistent
with the weaker geoeffectiveness of CIRs in causing geomag-
netic storms (Tsurutani et al., 1995; see Tsurutani et al., 2024
for a discussion and an exception). Following the CIR onset,
the total FAC intensities (FACt) increased to a peak of
~9 MA from a pre-CIR value of ~2 MA in both northern
and southern hemispheres (Fig. 1h).

Figure 3 shows near-Earth solar wind conditions, geomag-
netic and auroral responses, and FAC intensity variations from
1 June 2016 through 30 June 2017. Variation of V}, is character-
ized by multiple peaks (Fig. 3a). Analysis of individual peaks,
associated plasma (Figs. 3a—3c), IMF parameters (Fig. 3d),
and solar images (as described above) identifies thirty-three
HSSs emanated from solar coronal holes. The HSS peak V}, val-
ues, their occurrence times, and magnetic polarities are listed in
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Figure 4. Periodogram analyses of FAC intensity and solar wind coupling. (a) Lomb-Scargle periodograms of the northern hemispheric total
(black), dayside (red), and nightside (blue) FAC intensities; T represents total, D is dayside, N is nightside, NH is the northern hemisphere; and
95% confidence levels of the three periodograms are shown by three vertical lines. Cross-wavelet transforms of (b) northern hemispheric total
FAC intensity and ¥}, and (c) northern hemispheric total FAC intensity and N¢p. Wavelet powers are shown by the color bar at the top. The
cone of influence, where edge effects might distort the results, is shown in lighter shades. The relative phase relationships (of FAC intensity
with V, and N¢) are shown as arrows, horizontal right arrows indicating in-phase, horizontal left arrows indicating anti-phase. For the Lomb-
Scargle periodograms, 2-min resolution FAC intensities are used, while for cross-wavelets, all data are processed into 30-min resolution (by
taking 30-min running averages) so that they precisely coincide (in time) with each other.

Table Al. We also identified two ICMEs during this interval.
Descriptions of the ICMEs and associated FAC intensity
variations are given in the Figures Bl and B2. The ICMEs
are not included in the analyses that follow.

The HSS V, peaks vary between ~486 and ~818 km s,
with an average (median) V}, of ~704 + 78 (~728) km s~! for
all HSSs (the number following the + symbol is 1-c deviation,
which is only ~11% of the average V,,). Note that an HSS ema-
nated from a polar coronal hole is assumed to have a peak V,,
~ 750-800 km s~' (e.g., McComas et al., 2000). The lesser
speeds recorded here are due to superradial expansion effects
at the edges of the HSSs. The V), peaks are preceded by peaks
in N, (Fig. 3b), Py, (Fig. 3b), and IMF B, (Fig. 3d), associated
with plasma and IMF compressions in CIRs. All of the CIRs are
associated with intensifications of the coupling functions Ncg
and ®p, (Fig. 3e), ring current index SYM-H (Fig. 3f), number
of substorms and SML intensity (Fig. 3g), and FACy (Fig. 3h).
These are consistent with the case study shown in Figure 1. Fig-
ure 3 clearly demonstrates the influence of repeating/periodic/re-
curring HSS impingements on the Earth’s magnetosphere-
ionosphere system, as reflected in variations of the geomagnetic
indices and currents.

Figure 4a shows Lomb-Scargle periodograms of the north-
ern hemispheric FAC intensities (similar periodograms for solar
wind parameters, coupling functions, auroral indices, and
southern hemispheric FAC intensities are shown in Fig. C1).
The FAC intensity periodograms are characterized by the stron-
gest peak at ~13.8 days, followed by two weaker peaks at
~26.2 and ~29.2 days (both of the latter peaks are essentially

at ~27 days). The periodicities are generally the same for day-
side, nightside, and total FAC intensities in both the northern
and southern hemispheres.

Figures 4b and 4c show cross-wavelets of total northern
hemispheric FAC intensity with ¥, and N, respectively. Phase
differences of FAC intensity with ¥, and Ncr are indicated by
the arrows, rightward-pointing (leftward-pointing) horizontal
arrows indicating the in-phase (anti-phase) relationship. Based
on the spectral power, the strongest common period for FAC
intensity and ¥}, as well as for FAC intensity and N, is cen-
tered around 28 days, followed by another peak at ~14 days.
Both peaks have “intermittent” distributions. While the
~28-day period is observed from around 18 June 2016 through
27 November 2016 (~2016.47-2016.91) and from around
23 December 2016 through 7 June 2017 (~2016.98—
2017.43), the ~14-day period is most prominent from around
4 August 2016 through 7 March 2017 (~2016.59-2017.18).
The existence of common periodicities between FAC intensity
and V},, and between FAC intensity and N¢g is indicative of
the close relationships of FAC intensity with V}, and Nc¢p.

The phase relationship of FAC intensities with V}, is differ-
ent from that with Ncp. While FAC intensities are mostly in-
phase with ], around the 28-day periodicity, phase differences
between the two are prominent at a ~14-day period (Fig. 4b).
On the contrary, FAC intensities are almost in-phase with Ncp
at both ~28 and ~14-day periodicities (Fig. 4c). However,
slight differences in phase (between FAC intensity and Ncg)
are indicated by slightly downward-pointing arrows. This
slightly out-of-phase relationship is consistent with a certain
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Figure 5. Variations of FAC intensities FACy (left column), FACp (middle column), and FACy (right column) with solar wind plasma, IMF,
and solar wind-magnetosphere coupling functions V,, Pg,,, IMF By, ®p, and N¢r (from top to bottom panels). In each panel, black and red data
correspond to the northern (NH) and southern (SH) hemispheric FACs, respectively. Pearson’s linear correlation coefficients () obtained from
linear regression analyses are mentioned in each panel. The statistical significance of the correlation coefficients is confirmed by the Student’s

t-test (Student. 1908).

(~40-60 min) delay between the solar wind driving and the
FAC intensity, as reported before (e.g., Pedersen et al., 2023).
The minutes-to-hour scale time lags are not further explored
as we are interested in longer scale trends in FACs. In addition,
FAC intensity exhibits enhanced wavelet coherence with V),
around the ~28 and ~14-day periodicities, and with N¢g for
almost all periods (see Fig. C2).

Relationships of FAC intensities with solar wind plasma,
IMEF, and solar wind-magnetosphere coupling functions are fur-
ther explored in Figure 5. They show variations of daily mean
total FAC intensity (FACy), dayside FAC intensity (FACp) and
nightside FAC intensity (FACy) in the northern (NH) and south-
em (SH) hemispheres with daily mean solar wind parameters
and coupling functions (daily mean values are used as we are
interested in long-term trends in FAC variations). All panels
show linearly increasing trends in FACy, FACp, and FACy with
increasing solar wind parameters and coupling functions. Pear-
son’s correlation coefficients obtained from the linear regression
analysis are mentioned in each panel.

While correlations with FACs are weaker for V}, Py, IMF
By (r = 0.48-0.66), stronger correlations are noted with the cou-
pling functions ®p (» = 0.82-0.92) and N¢g (r = 0.79-0.90).
FACy exhibits a stronger correlation than FACp, and correla-
tions are slightly stronger for southern hemispheric FACs than
for northern hemispheric FACs.

4 Discussion

We have presented the first observations of periodic varia-
tions of FAC intensities in response to recurrent solar wind
HSSs during a solar cycle minimum condition. Both dayside
and nightside FAC intensities in both the northern and southern
hemispheres are characterized by distinct periodicities of ~14,
~26, and ~29 days.

It may be worth noting that Hajra et al. (2025a) reported
~19 and ~11 h periodicities in FAC intensities during HILD-
CAAs lasting for a few days to a week. The periodicities were
attributed to interplanetary Alfvén waves (Korth et al., 2011;
Tsurutani et al., 2006a). On the other hand, Hajra et al.
(2025¢) identified a ~1-year periodicity in solar cycle variation
of FACs, which is not plausible to be driven by solar winds.

The solar activity minimum period is characterized by low
solar ionizing fluxes (thus low ionospheric conductance) as well
as low occurrences of solar transient activity such as solar flares
and ICMEs (thus low occurrence of strong magnetospheric con-
vection). However, cross-wavelet and coherence analyses con-
firmed causal relationships of FAC intensity variations with
solar wind speed and solar wind-magnetosphere coupling. They
are found to exhibit common periodicities centered around 14
and 27 days. The ~26 and ~29-day periodicities in FACs are
close to the ~27-day solar rotation period, and we assume that
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they are essentially the same peak. The ~14-day FAC periodic-
ity represents the first harmonic of the solar rotation period
(Gosling et al., 1976; Zirker 1977; Lindblad & Lundstedt,
1981). The appearance of well-separated spectral peaks at
~26 and ~29 days may suggest an amplitude modulation of
the FAC intensity, varying with the solar rotation period.

Modulation of FAC intensities by solar wind HSSs is statis-
tically confirmed by significant linear correlations of both day-
side and nightside FAC intensities with solar wind/
interplanetary parameters and coupling functions. Correlations
of FACs with solar wind-magnetosphere coupling functions
are consistent with previous studies of FACs, but during auroral
substorms (e.g., Coxon et al., 2014a), geomagnetic storms (e.g.,
Pedersen et al., 2023), and HILDCAAs (Hajra et al., 2025a).
HSSs convect interplanetary Alfvén waves, the southward com-
ponent of which causes magnetic reconnection at the dayside
magnetopause (Dungey 1961). HSSs can also cause viscous
interaction at the dayside magnetopause (Axford & Hines,
1961). Both of these processes are believed to lead to substorm
activity. Clearly, the nightside FACs are associated with sub-
storms (Coxon et al., 2014a, 2014b; Pedersen et al., 2021,
2022; Zhong et al., 2022; Wang et al., 2024; Hajra et al., 2025c).

However, it is possible that the dayside FACs are separate
and distinct from the nightside substorm FAC events. Previous
studies have revealed that dayside FAC intensities are controlled
by ionospheric conductance (Fujii et al., 1981; Wang et al.,
2005; Coxon et al., 2016; Hajra et al., 2025c). However, Tsuru-
tani et al. (2001) showed that the dayside and nightside polar
cap boundary layer waves were continuously connected in a
24-h local time oval. While ionospheric conductance varies with
seasons due to solar irradiance variations, our results suggest
that dayside FACs are also associated with either magnetic
reconnection, viscous interaction, or both. This is consistent
with recent studies (Zhong et al., 2022; Wang & Liihr, 2023;
Wang et al., 2024) indicating that energetic particle precipitation
may enhance the auroral ionospheric Hall conductance.

As expected, the FAC intensity exhibits better correlation
with the coupling functions (®p and Nc¢f) than with solar wind
plasma and IMF parameters (V},, Psw, IMF By). In addition, FAC
intensity exhibits better phase relationship with Ncg than with
V, at the ~14-day periodicity. These results may be related to
the fact that the higher values of Ncr and FAC intensity are
observed during the compression regions (CIRs) rather than
during the HSSs. In other words, the physical driver of the
FAC intensity modulation appears to be Ncp, signifying
enhanced solar wind-magnetosphere coupling in CIRs. Lower
correlation with solar wind/IMF parameters (and higher correla-
tion with coupling functions) may indicate combined roles of
the plasma/IMF characteristic parameters in controlling geo-
physical processes.

5 Final comment

This study interval, June 2016 to June 2017, occurred
during the solar activity minimum between solar cycles
24 and 25. It is noted that the interval was dominated by peri-
odic (~27-day) solar wind HSSs which reached peak speeds of
~820 km s~ '. In a previous work, Tsurutani et al. (2011)
studied the solar wind and geomagnetic activity during the
two previous solar minima between solar cycles 22 and 23,

and between solar cycles 23 and 24. Due to the solar location
of coronal holes during the previous two solar minima, the solar
wind HSSs never approached their maximum speeds of ~820
km s~ ' as shown in this 2016-2017 solar minimum. The two
previous extreme minima in geomagnetic activity essen-
tially established a ground state of the magnetosphere. We sug-
gest that future studies of extreme solar minima be performed,
which may allow resolution of some of the uncertainties in
the physical causes of dayside and nightside FACs indicated
in this paper.
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Appendix A: List of HSSs

Table Al. HSSs under this study. Sunward (anti-sunward) HSSs are
emanated from solar coronal holes with negative (positive) magnetic
polarity, and are characterized by positive (negative) IMF B, and

negative (positive) By components.

HSS ¥, peak (km sh

V,, peak time (UT)

HSS polarity

675 05 Jun 2016 22:39 Sunward
728 15 Jun 2016 07:59 Anti-sunward
564 24 Jun 2016 15:24 Sunward
486 03 Jul 2016 04:52 Sunward
670 09 Jul 2016 15:17 Anti-sunward
729 15 Jul 2016 03:17 Anti-sunward
646 29 Jul 2016 09:27 Sunward
713 05 Aug 2016 20:03 Anti-sunward
673 10 Aug 2016 09:22 Anti-sunward
607 24 Aug 2016 03:40 Sunward
748 03 Sep 2016 19:14 Anti-sunward
774 20 Sep 2016 11:50 Sunward
758 29 Sep 2016 06:35 Anti-sunward
781 17 Oct 2016 19:14 Sunward
793 25 Oct 2016 17:32 Anti-sunward
775 12 Nov 2016 18:58 Sunward
731 25 Nov 2016 20:03 Anti-sunward
761 10 Dec 2016 06:27 Sunward
784 23 Dec 2016 22:23 Anti-sunward
582 31 Dec 2016 20:55 Anti-sunward
773 06 Jan 2017 02:21 Sunward
648 19 Jan 2017 02:06 Anti-sunward
662 27 Jan 2017 10:50 Anti-sunward
790 31 Jan 2017 18:15 Sunward
612 19 Feb 2017 01:07 Anti-sunward
673 24 Feb 2017 05:39 Anti-sunward
760 03 Mar 2017 11:48 Sunward
719 22 Mar 2017 10:56 Anti-sunward
752 28 Mar 2017 04:25 Sunward
649 08 Apr 2017 16:16 Sunward
818 23 Apr 2017 20:57 Sunward
635 16 May 2017 06:06 Anti-sunward
764 20 May 2017 12:47 Sunward

Appendix B: ICMEs

Figure B1 shows an ICME and associated FAC variations during
19-23 July 2016. Sharp and simultaneous increases in the solar wind
V, (Fig. Bla), N, (Fig. B1b), Py, (Fig. Blb), T, (Fig. Blc), and IMF
B, (Fig. B1d) at ~23:52 UT on 19 July represent a fast forward (FF)
interplanetary shock (Kennel et al., 1985; Tsurutani et al., 2011b)
(marked by a vertical dashed line, detail shock analysis is beyond scope
of the present work) that caused a sudden impulse (SI'; Araki et al.,
1993; Tsurutani et al., 2011b; Tsurutani & Lakhina, 2014) of
+55 nT in SYM-H (Fig. B1f). The shock is caused by the inter-
planetary counterpart of a fast coronal mass ejection (CME),
which was erupted from a solar active region at ~18:00 UT
on 18 July. The shock compressed the plasma and IMF up to
~13:14 UT on 20 July, resulting in an interplanetary sheath
(Kennel et al., 1985; Tsurutani et al., 1988). The sheath is fol-
lowed by a region up to ~14:58 UT on 22 July (marked by a
gray shading), where IMF components exhibit smooth rotations
in polarities, T, and plasma-f (f8 being the ratio of the plasma
pressure to the magnetic pressure) are low. This is called a mag-
netic cloud (MC; Burlaga et al., 1981; Gonzalez & Tsurutani,
1987; Marubashi & Lepping, 2007). While B, had some small
southward components in the sheath, it was weak, and the IMF
was mainly northward during the MC. The shock triggered sig-
nificant flux opening (high Ncf) at the dayside magnetopause
(Fig. Ble) during the sheath. As a consequence, there is some
moderate substorm activity (Fig. Blg) and FAC enhancements
(Fig. B1h) during the sheath. However, the MC is characterized
by extremely low values of Ncp and ®@p, no significant sub-
storm activity, and no FAC enhancements.

The 12-20 October 2016 interval, shown in Figure B2, is charac-
terized by an ICME followed by a solar wind HSS. The FF shock at
~22:12 UT on 12 October, marked by sharp increases in ¥,
(Fig. B2a), N, (Fig. B2b), P, (Fig. B2b), T, (Fig. B2c), and IMF B,
(Fig. B2d), is caused by the interplanetary counterpart of a fast CME
erupted from the Sun at ~19:24 UT on 11 October. The shock led to
an SI'" of +20 nT (Fig. B2f), followed by an interplanetary sheath
of compressed plasma and fluctuating IMF up to ~06:09 UT on
13 October. The sheath is followed by an MC up to ~16:53 UT
on 14 October (marked by a gray shading). It is characterized by
a strong IMF B, with clear and smooth rotations in its compo-
nents, low 7, and f. The strong IMF southward component B,
= 21 nT is associated with prominent increases in Ncp
(Fig. B2e), ®p (Fig. B2e), strong substorm activity with peak
SML = 2292 nT (Fig. B2g), an intense storm with SYM-H
peak = —114 nT (Fig. B2f), and prominent FAC intensifications
up to ~11 MA (Fig. B2h).

The MC is followed by a gradual rise in ¥}, to a peak value of
~750-777 km s~ during 16-18 October, and then a slow decay
in V}, (Fig. B2a). This is identified to be an HSS emanated from
a negative polarity coronal hole on 14 October (not shown). The
entire HSS proper was characterized by enhanced FACs of
~6 MA (Fig. B2h).
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Figure B1. Solar wind, geomagnetic conditions, and FACs associated with an ICME during 19-23 July 2016. From top to bottom, the panels
are: (a) solar wind V), (b) N, (black, legend on the left) and Pgy, (red, legend on the right), (c) 7}, (black, legend on the left) and plasma-f (red,
legend on the right), (d) IMF By, and By, By, and B, components, (¢) N¢r (black, legend on the left) and @, (red, legend on the right), (f) SYM-
H index, (g) SML index (black, legend on the left) and substorm numbers in each 3-h interval (red, legend on the right), and (h) FACr in the
northern hemisphere (NH; black) and southern hemisphere (SH; red). The dashed vertical line indicates an FF shock, and the shaded region is
an MC.
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Figure B2. Solar wind, geomagnetic conditions, and FACs associated with an ICME followed by an HSS during 12-20 October 2016. Panels
are the same as in Figure B1. The dashed vertical line indicates an FF shock, and the shaded region is an MC.
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Appendix C: Periodograms and wavelet coherence

Figure C1 shows Lomb-Scargle periodogram analyses of solar
wind plasma, IMF, coupling functions, geomagnetic indices, and
FAC intensities. Separate analyses are done for currents in the northern
and southern hemispheres, and for dayside and nightside FACs.

The ¥, periodogram is characterized by two prominent peaks: the
strongest one at ~26 days, and a slightly weaker peak (~74% of the
strongest peak) at ~13.6 days (Fig. Cla). For the plasma parameters
N, Py, and T, the ~26 and 13.6-day periodicities have comparable
amplitudes (Fig. Clb). In addition, 7, exhibits a prominent peak
(~59%) at ~29 days, while Py, exhibits shorter periods of ~6.8
(~86%), ~4.5 (~71%), ~6.6 (~56%), 8.7 (~54%), and ~4.4
(~50%) days (in descending order of amplitude). IMF B, exhibits the
strongest peak at ~13.6 days, while B, at ~25.3 days, with secondary
peaks at ~14.1 (~87%) and multiple shorter (~2.7, 3.5, 2.5, 6.3, 4.2,
3.9 days) and longer (~25.4, 36.1, 29.3 days) periodicities (Fig. Clc).

®p and N are characterized by the strongest peak at ~13.8 days,
followed by two peaks at ~26.1 (62—89%) and ~29.2 (68-76%) days
(Fig. C1d). The ®p and Ncr periodicities are also present in the SML
index (Fig. Cle), as well as in the FAC intensities (Fig. C1f~C1h). The
strongest peak in FACs is noted at ~13.8 days, followed by peaks at
~26.2 and ~29.2 days. The periodicities are more or less the same
for dayside, nightside, and total FACs in both the northern and southern
hemispheres.

Figure C2 shows the wavelet coherences between the northern
hemispheric total FAC intensity and ¥}, (Fig. C2a), and between FAC
intensity and Ncr (Fig. C2b), with the arrows representing the phase
differences (as in Fig. 4). FAC intensity is strongly coherent to N¢g
for most of the periods. However, FAC exhibits lesser coherence with
V, for periods < 7 days, periods of ~18-20 days, and periods of ~39—
56 days. In other words, FAC intensity is much more coherent to Ncg
than to V.
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Figure C1. Lomb-Scargle periodograms of solar wind plasma and
IMF parameters, solar wind-magnetosphere coupling functions,
auroral electrojet indices, and FAC intensities. In panels (f)—(h), T
represents total, D is dayside, N is nightside, NH is the northern
hemisphere, and SH is the southern hemisphere. Horizontal lines in
each panel indicate 95% confidence levels of the periodograms. For
the periodogram analyses, we used the highest resolution data
available, i.e., 2 min for FACs and 1 min for all other parameters.
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Figure C2. Wavelet coherence (a) between northern hemispheric total FAC intensity and V},, and (b) between northern hemispheric total FAC
intensity and Ncg. Wavelet coherence values are shown by the color bar at the right. The cone of influence, where edge effects might distort the
results, is shown as lighter shades. The relative phase relationships (of FAC intensity with ¥}, and N¢f) are shown as arrows, horizontal right
arrows indicating in-phase, horizontal left arrows indicating anti-phase. All data are processed into 30 min resolution so that they precisely

coincide (in time) with each other.
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