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The present article aims at a consistent understanding of observation, theoretical model,
and simulation with the geomagnetic sudden commencement (SC) observed in the
morning and afternoon at high and middle latitudes in the northern and southern
hemispheres and at the noontime equator on 12 May 2021. The SC in Bx- and By-
components of the geomagnetic field, SCx,y, was composed of the positive/negative
preliminary (Pl) and main impulses (Ml) as SCx (+ -) and SCy (- +) in the morming and SCx (-
+) and SCy (+ -) in the afternoon at middle latitudes in the northern hemisphere. SCx in the
southern hemisphere is in the same polarity as those in the northern hemisphere, except
for SCx (+ +) in the morning. SCy in the southern hemisphere has reverse polarity to those
in the northern hemisphere. The PIx in the northern hemisphere matches the well-
established two-cell Hall current vortices with anti-clockwise and clockwise directions
in the morning and afternoon, respectively, and the MIx matches reverse Hall current
vortices. The PIx and Mix in the southern hemisphere meet the Hall currents that are mirror
images of those in the northern hemisphere with respect to the equator except for the

Abbreviations: DL, stepwise low latitude magnetic disturbance; EEJ, equatorial electrojet; GML, geomagnetic latitude; HF, high
frequency; MFD, main frequency deviation; MHD, magnetohydrodynamic; MI, main impulse; MLT, magnetic local time; PFD,
preliminary frequency deviation; PI, preliminary impulse; SC, geomagnetic sudden commencement; SCF, SC-associated
Doppler frequency; TM,, zeroth-order transverse magnetic.
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INTRODUCTION

Hall and Pedersen—-Cowling Currents of SC

positive Ml in the morning. The Ply in the northern hemisphere is shown to meet the
northward and southward Pedersen currents in the morning and afternoon, respectively,
and the Mly meets reverse Pedersen currents. The Ply and Mly in the southern hemisphere
are found to meet the Pedersen currents that are mirror images of those in the northern
hemisphere. At the equator, typical SCx (- +) is observed, meeting the Cowling currents
that should be supplied by the Pedersen currents responsible for the observed midlatitude
SCy in the northern and southern hemispheres. The electric fields of the Pl and MI
observed by the HF Doppler sounders at the middle latitudes in the northern hemisphere
are westward and eastward, respectively, in both the morning and afternoon, meeting the
conventional dusk-to-dawn Pl and dawn-to-dusk Ml electric fields. The onset of the Pl is
found to be simultaneous with the resolution of a few seconds from high latitude to the
equator in both the northern and southern hemispheres, indicating instantaneous
achievement of the Pedersen—-Cowling currents from high latitude to the equator. The
instantaneous achievement of the energy-consuming Pedersen—-Cowling currents is
explained by the TMo/TEM mode wave in the Earth-ionosphere waveguide/
transmission line rather than the compressional waves in the magnetosphere and
F-region ionosphere. REPPU (REProduce Plasma Universe) global simulation model
equipped with a potential solver at the inner boundary of the model magnetosphere
reproduces the Pl and Ml electric fields at middle latitudes and SCx (- +) at the dayside
equator. The simulation results are found to be consistent with most features of
observations, such as the time scale of Pl and M, direction of the midlatitude electric
field and generation of the Cowling currents. The simulation proves that the electric fields
and FACs are generated in the outer magnetosphere, transmitted to the polar ionosphere
and then to the equator in the Pedersen—-Cowling current circuit.

Keywords: geomagnetic sudden commencement, Hall current circuit, Pedersen-Cowling current circuit,

simultaneous onset of preliminary impulse, morning/afternoon symmetry/asymmetry, northern and southern
hemispheric symmetry/asymmetry, HF Doppler sounder, global simulation

morning and SCx (- +) in the afternoon. The SCx is in phase in
the northern and southern hemispheres with greater amplitude in

The geomagnetic sudden commencement (SC) caused by the
solar wind shock/discontinuity is composed of a step-like
magnetic increase (DL: disturbance at low latitude),
preliminary impulse (PI) and main impulse (MI) (Araki, 1994
and references therein). The SC represents a change in Bx-
component of the magnetic field in most cases. In the present
article, we use SCx,y, PIx,y and MIx,y to represent those in Bx-
and By-components, while DL is used as is. The time scales of PIx
and MIx are 1 min and 5-10 min, respectively. The DL is caused
by the magnetopause currents, and the PIx and MIx are caused by
the ionospheric Hall current vortices driven by the dusk-to-dawn
and dawn-to-dusk electric fields, respectively. The PIx currents
are in counter-clockwise and clockwise directions in the morning
and afternoon, respectively and therefore, the PIx is positive (PPI:
Preliminary positive impulse) and negative (PRI: preliminary
reverse impulse) in the morning and afternoon, respectively at
high and middle latitudes. The MIx currents are in reverse
direction to those of the PIx. The two-cell Hall current
vortices are estimated from the global magnetometer networks
as the equivalent ionospheric currents (Vichare et al, 2014;
Kikuchi et al., 2016). Thus, the type of SCx is SCx (+ -) in the

summer hemisphere, because the MIx currents flow in the
ionosphere with higher conductivity in summer (Yumoto
et al., 1996). The PIx and MIx electric field and currents are
supplied with field-aligned currents (FACs) generated by
dynamos in the outer magnetosphere (Slinker et al, 1999
Fujita et al., 2003a; Fujita et al., 2003b). Therefore, the polarity
of the PIx changes from positive/negative to negative/positive as
one moves to higher latitude across the foot of the upward/
downward FACs (Kikuchi et al., 2016).

The SCx at the dayside equator is enhanced with the
latitudinal and longitudinal profiles of amplitude similar to
those of diurnal variations (Rastogi, 1993; Rastogi et al., 2001)
and with amplitude peaks before noon (Nilam et al., 2020). The
equatorial enhancement of SCx is caused by the Cowling
currents, ie., Pedersen currents intensified by the Cowling
effects (Hirono, 1952; Baker and Martyn, 1953). As a result,
the equatorial SCx on the dayside is SCx (- +) composed of the DL
superimposed by the negative PIx and positive MIx. The Cowling
currents in the night are weak, but the night SCx begins with a
two-step increase due to a small PPI (Araki et al., 1985). The
nighttime DL is superimposed by magnetic field caused by the
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Region-1 type FACs of the MI, which results in larger amplitude
in the night than in the day and larger amplitude at higher
latitudes around the midnight (Araki et al., 2006; Shinbori et al.,
2009).

The SC in the Y-component of the geomagnetic field (SCy) is
caused by the Pedersen currents at middle latitude, so the Mly is
positive/negative in the morning/afternoon (Tsunomura, 1998).
The midlatitude Pedersen currents are supposed to achieve a
current circuit from FACs at high latitude to the Cowling current
at the equator (Kikuchi and Araki, 1979).

The electric fields of the PI and MI cause ionospheric plasma
motion at middle latitudes as observed by the HF Doppler
sounders with temporal resolution of 10s (Kikuchi et al,
1985; Sastri, 2002; Kikuchi et al., 2016; Kikuchi et al., 2021).
The SC-associated HF Doppler frequency deviations (SCF) are
mostly in a bipolar structure as SCF (+ -) and SCF (- +) composed
of the preliminary (PFD) and main (MFD) frequency deviations
(Huang et al., 1973; Kikuchi et al., 1985). Kikuchi et al. (1985)
showed that SCF (+ -) appears in the day and evening, and SCF (-
+) in the night. The day-night reversal of PFD and MFD are
caused by the dusk-to-dawn and dawn-to-dusk electric fields,
respectively. The evening anomaly of the electric fields is due to
the dawn-dusk asymmetry in the distribution of electric potential
transmitted from the polar ionosphere (Tsunomura, 1999).

The onset of the PIx was found to be simultaneous within the
temporal resolution of 10 s at all latitudes (Araki, 1977), and the
onset of the PFD observed at middle latitudes has been shown to
be simultaneous with the PIx at high and equatorial latitudes on
the day- and night-sides (Kikuchi et al., 2021). Araki (1977)
showed that the onset of the PIx is earlier than the DL by several
10 s of sec, probably because of difference in the propagation time
between along and perpendicular to the magnetic field lines as
deduced from earlier onset of the PFD than DL at middle latitude
(Kikuchi, 1986). The PI currents are transmitted from the
magnetopause dynamo down the magnetic field lines via
FACs (Tamao, 1964a; Tamao, 1964b; Slinker et al., 1999;
Fujita et al., 2003a), while it takes some more time for the DL
to propagate in the equatorial plane of the magnetosphere and
plasmasphere via the fast (compressional) mode wave (Chi et al.,
2006). In extreme solar wind conditions, however, the DL can
arrive earlier than the PIx currents as observed during the SC on
29 October 2003 (Kikuchi et al., 2016). In this extreme event, no
PIx appears at the equator because of overwhelming DL, but PI
appears in the equatorial Cowling currents and PFD at
midlatitude, because both PFD and Cowling current are not
associated with DL, but associated with the PI current from
the polar to equatorial ionosphere.

As overviewed above, ground magnetometer and HF Doppler
sounder observations have shown that the electric field and
currents are transmitted from the polar ionosphere to the
equator near-instantaneously. Wave modes that allow rapid
propagation have been studied using the compressional waves
in the magnetosphere and/or in the F-region ionosphere (Tamao,
1964a; Tamao, 1964b; Chi et al., 2006; Lysak et al., 2015; Tu and
Song, 2019) or using the TMy/TEM mode waves in the Earth-
ionosphere waveguide/transmission line (Kikuchi et al., 1978;
Kikuchi and Araki, 1979; Kikuchi, 2014). The Alfven speed of the

Hall and Pedersen—-Cowling Currents of SC

compressional waves can be applied to near-instantaneous
propagation, and the Hall currents responsible for the PIx
may be explained by the mode conversion from the
compressional waves (Tamao, 1964a; Tamao, 1964b; Lysak
et al, 2015). However, we need to explain the overall
characteristics of the electric field, including the day-night
reversal (Kikuchi et al., 2021) and evening anomaly with the
same direction as in the day (Kikuchi et al., 2016). Furthermore,
we should explain the instantaneous achievement of the polar to
equatorial ionospheric currents and energy consumption in the
midlatitude Pedersen and equatorial Cowling currents. The
Pedersen/Cowling currents have never been explained by
means of the compressional waves. Kikuchi et al. (2016)
showed that the midlatitude F-region ionosphere is not
compressed by the compressional waves, which indicates no
contribution of the compressional waves on the energy input
to the midlatitude ionosphere. Kikuchi (2014) showed that the
TMy/TEM mode waves transmit the ionospheric electric
potential and Pedersen currents to the equator, achieving the
Pedersen-Cowling current circuit near-instantaneously. The
present article aims at consistent understanding of
observations of ionospheric electric fields and ground
magnetic fields, waveguide/transmission line model, and global
simulations by analyzing the SC event that occurred on 12 May
2021. For this purpose, we examine local time and latitudinal
characteristics of the SCx and SCy observed in the northern and
southern hemispheres, electric fields observed by HF Doppler
sounders at middle latitudes in the northern hemisphere and
reproduction of the midlatitude electric fields and equatorial SCx
by the global simulation. In particular, SCy is focused on from the
viewpoint of the Pedersen-Cowling current circuit as an energy
channel from the polar to the equatorial ionosphere. We use
magnetometer data from the northern and southern hemispheres
in the morning and afternoon and from the equator at noon, and
the HF Doppler sounder data from Czechia and Japan in the
morning and afternoon, respectively. As shown below, the
morning/afternoon and  northern/southern  hemispheric
symmetry/asymmetry of SCx and SCy are consistent with the
Hall and Pedersen-Cowling current circuits that are mirror
images of each other in the northern and southern
hemispheres. Furthermore, the onset of the Ply is found to be
simultaneous over the globe within a few seconds even when PIx
begins with delays of tens of seconds. The simultaneous onset
proves the instantaneous achievement of the global Hall and
Pedersen-Cowling current circuits by the TMy/TEM mode waves
propagating at the speed of light in the Earth-ionosphere
waveguide/transmission line (Kikuchi et al., 1978; Kikuchi and
Araki, 1979; Kikuchi, 2014). The HF Doppler sounders operated
in the morning (Czechia) and afternoon (Japan) help ensure that
the PI and MI electric fields are typical from dusk-to-dawn and
dawn-to-dusk, respectively. We discuss that the SC electric fields
are potential fields associated with ionospheric currents flowing
from the polar to equatorial ionosphere by reproducing
midlatitude electric fields and Cowling currents with the
REPPU global simulation model. The REPPU model employs
the potential solver that solves the current continuity equation
with the FACs as an input at the inner boundary of the model
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TABLE 1 | List of the magnetometer stations of INTERMAGNET, Indian Institute of Geomagnetism (lIG), and National Institute of Polar Research (NIPR).

Station Country

Geographic (deg)

Latitude

INTERMAGNET https://www.intermagnet.org/data-donnee/download-eng.php

Uppsala UPS Sweden 59.90N
Memambetsu MMB Japan 43.91N
Hermanus HER South Africa 34.42S
Learmonth LRM Australia 22.22S

World Data Centre for Geomagnetism, Mumbai (http://wdciig.res.in/WebUl/Home.aspx)

Alibag ABG India
Tirunelveli TIR India

18.64N
8.70N

NIPR http://polaris.nipr.ac.jp/~uap-mon/uapm/uapm_new_top.html

Tjornes TJO
Syowa SYO

66.20N
69.00S

Iceland
Antarctica

magnetosphere (Tanaka, 2007; Ebihara et al., 2014; Tanaka et al.,
2020). The physical basis for the instantaneous propagation of the
electric potential and currents in the potential solver is provided
by the TMy/TEM waveguide/transmission line mode.

OBSERVATION FACILITIES

Magnetometer Networks

The SC was recorded at middle latitudes in the northern
hemisphere; Uppsala (UPS, 58.50°N geomagnetic latitude
(GML)) in the morning (8.4 MLT) and Memambetsu (MMB,
35.72°N GML) in the afternoon (16.3 MLT). In the southern
hemisphere, the SC was recorded at Hermanus (HER, 33.95°S
GML) in the morning (7.5 MLT) and Learmonth (LRM, 32.51°S
GML) in the afternoon (14.3 MLT). We used low latitude and
equatorial stations; Alibag (ABG, 10.76°'N GML) and Tirunelveli
(TIR, 0.52°N GML) at noon (12MLT) to confirm the
Pedersen-Cowling current circuit. We also used the conjugate
stations at auroral latitudes in the northern and southern
hemispheres; Tjornes (TJO, 66.53°N GML) and Syowa (SYO,
70.46°S GML), to detect ionospheric currents near the FACs in
the morning (6.5 MLT). The magnetometer data were sampled
every 1s at TJO, SYO, MMB, HER, and LRM, and 10 s at UPS.
The magnetometer stations are listed in Table 1.

HF Doppler Sounder Networks

The HF Doppler sounders were operated at Kasperk, Czechia
(48.67N GML), and Iitate, Sugadaira, Fujisawa, in Japan
(27-29.5’N GML), as listed in Table 2, to detect the vertical
motion of the ionosphere due to the electric fields of SC in the
morning (0730 MLT) and afternoon (1530 MLT), respectively. The
HF Doppler sounder system is composed of the transmitter (Tx) and
receiver (Rx) separated at distances listed in Table 2. The HF Doppler
sounder system in Czechia is composed of three transmitters (Tx1,
Tx2, and Tx3) with a frequency of 4.65 MHz and one receiver (Rx) at
distances 118-171 km, as shown in Table 2, where the elevation angle
is for reflection height of 300 km. Details of the system and the

Geomagnetic (deg) MLT
Longitude Latitude Longitude
17.35E 58.5N 106.35E UT+1.75
144 .19E 35.72N 147.77TW uUT+9.4
19.23E 33.958 83.87 E UT+0.82
114.10E 32.51S 186.35E UT+7.69
72.87E 10.76N 146.90E UT+5.01
77.80E 0.52N 150.83E UT+5.30
17.12W 66.53N 72.30E UT-0.28
39.58E 70.46S 86.10E UT-0.33

principle of Doppler sounding are described by Chum et al. (2010).
The HF Doppler sounder system in Japan is composed of Tx in
Tokyo with frequencies of 5.006 and 8.006 MHz and several receivers
deployed from the northernmost part (Hokkaido) to the
southernmost part (Okinawa) of Japan. Details of the system in
Japan are described by Nakata et al. (2021). The receiver sites and
frequency used in the present analyses are listed in Table 2. The data
are sampled every 6s in Czechia and 10s in Japan. The time
resolutions of the HF Doppler data are high enough to detect the
PI and MI electric fields (Kikuchi et al., 2016; Kikuchi et al., 2021).

GEOMAGNETIC SUDDEN
COMMENCEMENT AT MIDDLE LATITUDES
IN THE NORTHERN AND SOUTHERN
HEMISPHERES

Figures 1A and B show SCx (+ -) and SCy (- +) at UPS in the
morning (Figure 1A) and SCx (- +) and SCy (+ -) at MMB in the
afternoon (Figure 1B), showing morning/afternoon asymmetry
both in SCx and SCy in the northern hemisphere. SCx agrees
with Araki (1994)s model composed of the PIx and MIx
superimposed on the step-like DL. The morning/afternoon
asymmetry in PIx agrees with the two-cell Hall current vortices
with counter-clockwise and clockwise directions in the morning and
afternoon, respectively (see the schematic current circuit in
Figure 6). The morning/afternoon asymmetry in Ply agrees with
the northward and southward Pedersen currents in the morning and
afternoon, respectively. The morning/afternoon asymmetry in MIx,y
is explained by similar current circuits with reverse direction.
Figures 1C and D show SCx (+ +) and SCy (+ -) at HER in the
morning (Figure 1C) and SCx (- +) and SCy (- +) at LRM in the
afternoon (Figure 1D), showing the morning/afternoon
asymmetry both in SCx and SCy in the southern hemisphere,
although Bx at HER is not sensitive to the PI/MI currents. The
SCx at HER is almost DL, but SCy is clearly identified as SCy (+ -).
It is observed that the SCx at LRM is in the same polarity as SCx
at MMB, while SCy in the southern hemisphere is in opposite
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TABLE 2 | List of HF Doppler sounders in Japan [HF Doppler Sounding Experiment in Japan (uec.ac.jp)] and Czechia [Doppler sounding of the lonosphere (cas.cz)].

Station name Country Frequency (MHz) Geographic Geomagnetic Tx-Rx distance Elevation angle
coordinate (deg) coordinate (deg) (km) (deg)
Latitude Longitude Latitude Longitude
Chofu CHF Japan Transmitter (Tx) 35.65 139.55 27.13 -150.85 - —
litate IIT Japan 8.006 37.69 140.67 29.53 -149.92 248 67.5
Sugadaira SGD Japan 8.006 36.52 138.32 27.89 -152.06 147 76.2
Fujisawa FJS Japan 8.006 35.32 139.46 27.08 -150.76 37.6 86.4
Kasperk Czechia 4.65 49.13 13.58 48.67 96.98 171 (Tx1) 741
118 (Tx2) 78.9
169 (Tx3) 74.3
A 20210512 UPS B 20210512 MMB
C /\ i B 1x
Northern Hemisphere 3 [ VW x T ]
N NS =
Middle Latitude Er [/\,\\AJ\/\’\ 1 =L V iy
e L i 2L i
Y - j\ ~ g
Y A ﬂ
06:30 06:35 os:4o os:l45 06:50 06:.55 07:00  06:30 06:35 06:40 06:45 06:50 06:.55 07:00
ut ut
C 20210512 HER D 20210512 LRM
r W X - =
Southern Hemisphere = [ 6 I = X
. . N b = _
Middle Latitude =T 1 = ]
o F N\ = o - 1,
- w YL ]
06:30 06:35 06:40 06:45 06:50 06:55 07:00  06:30 05235 06:40 06:45 06:50 06:55 07:00
ut ur
FIGURE 1 | Geomagnetic sudden commencement recorded in the morning (AM) and afternoon (PM) at middle latitudes in the northern (A and B) and southern
hemispheres (C and D). UPS, MMB, HER, and LRM are abbreviations of the magnetometer station names, Uppsala, Memambetsu, Hermanas, and Learmonth,
respectively (Table 1).

polarity to SCy in the northern hemisphere in both the morning and
afternoon. The SCx in the southern hemisphere except for SCx (+ +)
at HER matches the two-cell Hall current vortices that are mirror
images of the Hall current vortices in the northern hemisphere. The
SCy in the southern hemisphere matches the Pedersen currents that
are mirror images of those in the northern hemisphere (Figure 6).

SC AT LOW LATITUDE AND THE EQUATOR

Figure 2 shows SCx at low latitude, Alibag (ABG, 10.76" GML) and
the equator, Tirunelveli (TIR, 0.52° GML), located at noon (11.9
MLT) together with the EE] defined as the difference in Bx between
TIR and ABG. The SCx at ABG is a step-like increase, which is a
typical DL caused by the magnetopause current. The SCx at TIR is

SCx (- +), which is typical at the equator on the dayside (Araki,
1994). The Pedersen currents responsible for the midlatitude PIy
connect to the Cowling currents responsible for the PIx at TIR,
completing a Pedersen-Cowling current circuit between high
latitude and equator (Figure 6). Likewise, midlatitude Mly is
caused by the Pedersen current circuit between the MI FACs and
the Cowling currents with opposite directions to those of PL

SIMULTANEOUS ONSET OF PI IN THE
NORTHERN AND SOUTHERN
HEMISPHERES

Figure 3 shows zoomed-in plots of the PI at high latitude-equatorial
stations in a 3-min time frame where one increment is 10 s. To show
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FIGURE 2 | SCx recorded at low latitude, Alibag (ABG) and equator, 0637 — — 06;8 ' 06I39 ’ ' 0640
Tirunelveli (TIR). EEJ refers to SCx associated with the equatorial electrojet uT
derived from the difference between SCx at TIR and SCx at ABG.
FIGURE 3 | Zoomed-in plots of PIx (solid curve) and Ply (dashed curve).
LRM is magnified five times for better visibility. The horizontal dotted lines refer
X . to the pre-event level for better visibility of the onset.
the clear onset of the PI, we plotted Bx at TJO and EE] with solid

curves and By at UPS, LRM, and SYO with dashed curves, where
LRM is magnified five times for better visibility. We also plotted Bx
at UPS to show that the onset of PIx can be delayed, as will be
discussed later. The PIx/Ply starts at 0637:30 s UT (vertical dotted
line) at all the stations within the resolution of a few seconds. It is
remarkable that the onset of the PI is simultaneous at the conjugate
auroral stations (TJO, SYO) and at the midlatitude and equatorial
stations. The observations meet the instantaneous development of
ionospheric Hall and Pedersen-Cowling currents from high latitude
to the equator, which is achieved by the TMy/TEM mode waves
propagating at the speed of light in the Earth-ionosphere waveguide/
transmission line (Kikuchi et al., 1978; Kikuchi and Araki, 1979;
Kikuchi, 2014).

HF DOPPLER OBSERVATIONS OF THE SC
ELECTRIC FIELDS

Figure 4 shows the SC-associated HF Doppler frequencies (SCF)
observed at Kasperk, Czechia, in the morning and at Iitate,
Sugadaira, Fujisawa, Japan, in the afternoon. Three SCFs at
Kasperk were obtained from HF radio signals transmitted by
three transmitters, Tx1, Tx2, and Tx3, as received at one receiver
(Table 2). The SCF is SCF (+ -) in both the morning and afternoon,
composed of the positive PFD with a duration of 1 min and negative
MEFD with a duration of 4 min. The PFD and MFD are caused by the
westward and eastward electric fields, that is, the dayside part of the
dusk-to-dawn and dawn-to-dusk electric fields of the PI and MI,
respectively. These electric fields drive the Hall current vortices
responsible for the PIx and MIx at UPS and MMB. It should be
stressed that the PFD is caused by the potential electric field
transmitted with the Pedersen currents responsible for the
equatorial PI (Kikuchi et al, 2016). The onset of the PFD at
Kasperk is 0637:30UT, the same as the PI of global currents
(Figure 3). The onset of the PFD cannot be identified very

clearly at stations in the afternoon, which may be due to
ionospheric conditions over Japan.

REPRODUCTION OF SC BY GLOBAL
SIMULATION

We reproduced SC electric fields at the middle latitude and magnetic
field due to the Cowling currents using the REPPU (REProduce
Plasma Universe) global simulation model, where the current
continuity ~equation is solved in the anisotropic and
inhomogeneous conducting ionosphere at the inner boundary
(26 Re) of the magnetosphere (Tanaka et al, 2020). At the
simulation boundary upstream in the solar wind, the IMF Bz
changes from +3 nT to —5nT and solar wind speed from 300 to
500 km/s in the form of a step function. The solar wind density and
IMF By are constant at 5/cc and 2.5 nT, respectively (Ebihara et al,
2014). Figures 5A and B show the electric fields for Kasperk
(Figure 5A) and Japanese stations (Figure 5B). The reproduced
electric fields in the morning and afternoon are in good agreement
with the observed SCF (Figure 4) in terms of time scale and polarity
(note that Doppler frequency is positive for westward electric field).
The good agreement between the simulation and observations
suggests that the PI and MI electric fields are potential fields
associated with ionospheric currents.

Figure 5C shows the reproduced equatorial SCx (- +) caused
by the Cowling currents at 12 MLT, which is consistent with the
SCx (- +) observed at TIR (Figure 2). In the model calculation
where the current continuity equation is employed, instantaneous
propagation of the electric field and currents is apriori assumed.
The speed of light propagation of the TMy/TEM mode waves
provides a physical basis for the instantaneous propagation in the
model ionosphere.
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FIGURE 4 | SC-associated HF Doppler frequencies (SCF) observed at Kasperk, Czechia, in the morning (AM) and at litate (IIT), Sugadaira (SGD) and Fujisawa (FJS),
Japan, in the afternoon (PM). SCF at Kasperk is observed using three transmitters (Tx1, Tx2, and Tx3) and one receiver. Horizontal dotted lines are given to all the Doppler
data to indicate zero Doppler frequency. The SCF is composed of PFD and MFD caused by the Pl and Ml electric fields, respectively, in both morning and afternoon.
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SUMMARY AND DISCUSSION

Hall and Pedersen Current Circuits

Figure 6 shows a schematic diagram of the ionospheric current
circuits that explain the global characteristics of the observed PI
in the northern and southern hemispheres and at the equator on
the dayside. The ionospheric current circuits are composed of
two-cell Hall current vortices at high and middle latitudes (orange
circles) and the Pedersen currents (blue semicircles) extending
from the foot of FACs (thick blue arrows) to the equatorial
Cowling currents (black arrow). The two-cell current vortices of
the PI were described as the equivalent currents estimated from
ground magnetic variations (Nagata and Abe, 1955). The
ionospheric current pattern is supposed to be affected by the
ionospheric conductivities, particularly at auroral latitudes, where
the foot of FACs is located and ionospheric conductivities are
enhanced by precipitating auroral particles. However, the SC
most often occurs during quiet periods prior to stormtime
disturbances, as is the case on 12 May 2021, which would
allow us to use the simplified two-cell Hall current vortices as
shown in Figure 6. The current circuits in the northern and
southern hemispheres are mirror images of each other, so the
following discussion applies to the northern hemisphere.

The pair of FACs of the PI provides electric potentials to the
polar ionosphere from the dynamo created by the compression
of the magnetosphere (Tamao, 1964a; Tamao, 1964b; Slinker
etal., 1999; Fujita et al., 2003a). The electric potentials are then
transmitted with the Pedersen currents to the global
ionosphere by the TMy/TEM mode wave in the Earth-
ionosphere waveguide/transmission line (Kikuchi, 2014).

The magnetic field of the TM, mode propagating
equatorward is negative/positive By, and the Pedersen
currents are northward/southward in the morning/

afternoon. The disseminated potential electric fields drive
counterclockwise/clockwise Hall current vortices closing
around the upward/downward FACs in the morning/
afternoon, as shown in Figure 6. The Hall current vortices

cause positive/negative PIx as observed at middle latitudes in
the morning/afternoon (Figure 1). The upward/downward
FACs are connected to the equatorial ionosphere in the
morning/afternoon via the northward/southward Pedersen
currents, which cause the negative/positive Ply as observed
at middle latitudes (Figure 1). The Pedersen-Cowling current
circuit is achieved near-instantaneously, causing the negative
PIx at the dayside equator (Figure 2).

Simultaneous Onset of PI

We found that the onset of Ply is simultaneous with the temporal
resolution of a few seconds in both the northern and southern
hemispheres, even when PIx is delayed by tens of seconds, as seen
in PIx at UPS in Figure 3. The delay could be due to the fact that
the Pedersen current had a westward component and canceled
the Hall current effect. The instantaneous transmission of the
electric potentials is achieved by the TMy/TEM mode waves in the
Earth-ionosphere waveguide/transmission line, which carries the
Pedersen currents together with ground surface currents
connected by the wave front currents (Kikuchi, 2014). We
stress that the By component is associated with the TMy/TEM
mode propagating southward, which helps confirm the
simultaneous onset of the global PIy.

Concerning the instantaneous propagation from high latitude
to low latitude of the electric field/magnetic field, lots of studies
have used the fast (compressional) mode waves propagating at
the Alfven speed perpendicular to the ambient magnetic field in
the upper ionosphere (Tu and Song, 2019) or the Alfven waves
converted from the compressional mode (Tamao, 1964a; Tamao,
1964b; Chi et al., 2006). However, no theory/model based on the
fast mode waves has succeeded to explain the Hall and
Pedersen-Cowling current circuits responsible for the PI and
MI on the ground. Tamao (1964b) attempted to explain the Hall
current vortices by means of the converted transverse mode (CT
mode) converted from the compressional mode at its wave front.
It should be recalled that the Hall current is a result of ion-neutral
collisions in the ionospheric E-layer, which decouple the ion
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FIGURE 5 | SC electric fields composed of the westward Pl and

eastward Ml electric fields are reproduced by the REPPU global simulation
model for latitudes and local times applicable to Kasperk, Czechia, in (A) and
Japanese stations in (B). SC(- +) is reproduced by the same model for
Tirunelveli at the geomagnetic equator at noon in (C).

motion from that of the collision-free electrons and create the
Pedersen currents as well. Therefore, a theory/model that aims for
explaining the Hall current circuits should also explain the
Pedersen current circuits. The CT mode never carries FACs,
since the electric field of the CT mode is solenoidal (rotational)
(Tamao, 1964b), so the Pedersen currents are not supplied by the
CT mode or by the compressional mode. Kikuchi (2014) showed
that the TMo/TEM mode transports electric potentials and the
Pedersen currents from the foot of the FACs to the Cowling
currents via the midlatitude. The TMy/TEM mode does not have
the cutoff frequency of the waveguide, which allows any period of
disturbances such as the SC, DP2 and so on. It should be noted
that the Schumann resonance frequency at about 8 Hz is
misunderstood as the lower cutoff frequency of the Earth-

Hall and Pedersen—-Cowling Currents of SC

ionosphere waveguide (Lysak et al., 2015). The Schuman
resonance is a global cavity resonance created by the

propagating TM, mode waves in the Earth-ionosphere
waveguide (Wait, 1960). Wait (1960) describes that
“Schumann [1956] has carried out an extensive set of

calculations of waveforms for the zero mode in the idealized
Earth-ionosphere waveguide”. The TM, waveguide mode is the
TEM transmission line mode that is unattenuated at all
frequencies (Budden, 1961, p33). It should also be noted that
the plasma motion observed by HF Doppler sounders is upward
on the dayside during the MI phase of an SC event which is well
correlated with the eastward Cowling currents (Kikuchi et al,
2016). This fact indicates that the ionospheric plasma is never
compressed by the compressional mode wave but is moved by the
electric field transmitted with the Pedersen currents. It should be
stressed that the theory/model designed to explain the fast
propagation of electric and magnetic fields to low latitude
should also explain the energy supply to the Pedersen and
Cowling currents.

HF Doppler Observation of SC Electric
Fields

The HF Doppler sounders detected downward motion of the
ionospheric plasma for the first 1 min, followed by the upward
motion for 4 min in both the morning and afternoon (Figure 4).
The initial downward motion was interpreted as caused by the
compressional wave (Huang, 1976; Pilipenko et al., 2010). The
magnetospheric plasma is compressed earthward during the SC,
as observed by the Akebono satellite (Shinbori et al., 2004).
However, Kikuchi et al. (2016) showed that the dayside
ionosphere never moves earthward (downward) but moves
upward as the eastward Cowling current grows during the MI
phase when the magnetosphere continues to be compressed. The
electric field responsible for the upward motion is not the electric
field of the compressional wave but is the potential field
associated with the ionospheric Pedersen/Cowling current. The
initial downward motion in Figure 4 occurred during the period
of the equatorial PI caused by the westward Cowling current
(Figure 2), which indicates that the PI electric field at middle
latitude is transmitted by the TMO/TEM mode in the Earth-
ionosphere waveguide/transmission line.

Application to Pi2 Pulsation

Tsunomura (1998) showed that the midlatitude Mly is positive in
the morning and negative in the afternoon, and its amplitude is
larger at higher latitudes. These observations meet the Pedersen
current circuit, as shown in Figure 6. The latitudinal variation of
MIx, on the other hand, is not so significant, implying that MIx is
superimposed by DL. A similar difference in the latitudinal
profiles between Bx and By was found for Pi2 magnetic
pulsation, of which period (1 min) is the same as the time
scale of PI (Yumoto et al., 1994). Yumoto et al. (1994) showed
that Pi2 in the By component is in an anti-phase relationship in
the northern and southern hemispheres, and the amplitude
increases exponentially at higher latitudes. Imajo et al. (2015),
Imajo et al. (2017) made detailed analyses of Pi2 in By and
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FIGURE 6 | Schematic diagram of the Hall (orange circles) and Pedersen—Cowling (blue semi-circles and black arrow at the equator) current circuits for the Pl of SC.
Hall currents are anti-clockwise in the morning and clockwise in the afternoon, surrounding the FACs (thick blue arrows). The Pedersen currents flow from the foot of
FACs to the Cowling currents via the midlatitude ionosphere. HF Doppler frequency, Af, is shown with an electric field (green arrow) parallel to the Pedersen currents.
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suggested that the anti-phase relationship is caused by
ionospheric currents that are symmetric with respect to the
equator. The latitudinal and hemispheric characteristics of Pi2
are similar to those of PIy and Mly reported in the present article,
consistent with the Pedersen-Cowling current circuit as depicted
in Figure 6.

CONCLUSION

We analyzed the geomagnetic sudden commencement (SC) on 12
May 2021 with magnetometer data recorded in the morning and
afternoon at high and middle latitudes in the northern and
southern hemispheres and at the noontime equator. The
electric field of the SC was observed by the HF Doppler
sounders at middle latitudes in the morning and afternoon in
the northern hemisphere. Local time, latitude, and hemispheric
characteristics are obtained as follows.

1) SC in Bx- and By-components are SCx (+ -) and SCy (- +) in
the morning and SCx (- +) and SCy (+ -) in the afternoon at
middle latitudes in the northern hemisphere. SCx in the
southern hemisphere has the same polarity as those in the
northern hemisphere except for SCx (+ +) in the morning,
while SCy in the southern hemisphere has reverse polarity to
those in the northern hemisphere.

2) Preliminary impulse in Bx (PIx) in the northern hemisphere
matches the conventional two-cell Hall current vortices with
anti-clockwise and clockwise directions in the morning and
afternoon, respectively, and the MIx matches reverse Hall

3)

4)

5)

6)

7)

current vortices. PIx and MIx in the southern hemisphere
meet the Hall current vortices that are mirror images of those
in the northern hemisphere with respect to the equator.
Ply in the northern hemisphere is found to meet the northward
and southward Pedersen currents in the morning and afternoon,
respectively, and the MIy meets reverse Pedersen currents. The
PIy and Mly in the southern hemisphere are found to meet the
Pedersen currents that are mirror images of those in the northern
hemisphere.

At the equator, typical SCx (- +) is observed, meeting the
Cowling currents supplied by the Pedersen currents from the
northern and southern hemispheres.

The electric fields of the PI and MI observed by the HF
Doppler sounders at the middle latitudes in the northern
hemisphere are westward and eastward, respectively, in both
the morning and afternoon, meeting the conventional model
composed of dusk-to-dawn PI and dawn-to-dusk MI
potential electric fields.

The onset of the PIx/Ply is found to be simultaneous with the
resolution of a few seconds in both the northern and southern
hemispheres, indicating instantaneous achievement of the
Hall and Pedersen-Cowling current circuits by the TM,/
TEM mode wave propagating at the speed of light in the
Earth-ionosphere waveguide/transmission line.

REPPU global simulation model reproduces the PI and MI
electric fields at middle latitudes and SCx (- +) at the dayside
equator. The simulation results are found to be consistent with
most features of observations, such as the time scale of PI and
M1, direction of the midlatitude electric field, and generation
of equatorial Cowling currents. The simulation proves that the
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ionospheric electric fields are potential fields transmitted in
the Pedersen-Cowling current circuit.
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