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Transmission of the electric fields
to the low latitude ionosphere in the
magnetosphere-ionosphere current circuit
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Abstract

The solar wind energy is transmitted to low latitude ionosphere in a current circuit from a dynamo in the magneto-
sphere to the equatorial ionosphere via the polar ionosphere. During the substorm growth phase and storm main
phase, the dawn-to-dusk convection electric field is intensified by the southward interplanetary magnetic field (IMF),
driving the ionospheric DP2 currents composed of two-cell Hall current vortices in high latitudes and Pedersen cur-
rents amplified at the dayside equator (EEJ). The EEJ-Region-1 field-aligned current (R1 FAC) circuit is completed via
the Pedersen currents in midlatitude. On the other hand, the shielding electric field and the Region-2 FACs develop in
the inner magnetosphere, tending to cancel the convection electric field at the mid-equatorial latitudes. The shielding
often causes overshielding when the convection electric field reduces substantially and the EEJ is overcome by the
counter electrojet (CEJ), leading to that even the quasi-periodic DP2 fluctuations are contributed by the overshielding
as being composed of the EEJ and CEJ. The overshielding develop significantly during substorms and storms, leading
to that the mid and low latitude ionosphere is under strong influence of the overshielding as well as the convection
electric fields. The electric fields on the day- and night sides are in opposite direction to each other, but the electric
fields in the evening are anomalously enhanced in the same direction as in the day. The evening anomaly is a unique

the Earth-ionosphere waveguide.

feature of the electric potential distribution in the global ionosphere. DP2-type electric field and currents develop
during the transient/short-term geomagnetic disturbances like the geomagnetic sudden commencements (SC),
which appear simultaneously at high latitude and equator within the temporal resolution of 10 s. Using the SC, we
can confirm that the electric potential and currents are transmitted near-instantaneously to low latitude ionosphere
on both day- and night sides, which is explained by means of the light speed propagation of the TM, mode waves in

Introduction

This article reviews the transmission of the electric field
and currents from the dynamos in the magnetosphere
down to the equatorial ionosphere to better understand
the ionospheric and geomagnetic disturbances at mid
and low latitudes during substorms and storms. The
dynamo for the convection electric field and the Region-1
field-aligned currents (R1 FACs) is reviewed in “Convec-
tion electric field and global DP2 currents” section, and
that for the shielding/overshielding and the R2 FACs in
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“Overshielding electric field and CE]” section. These two
kinds of electric fields and currents play a crucial role in
the substorm and storm as reviewed in “DP2 and CEJ
during the substorm” and “Stormtime electric field and
EEJ/CE]” sections, respectively. The geomagnetic sud-
den commencement is briefly reviewed in “Electric field
and currents during the SC” section as an introduction to
the mechanism for the near-instantaneous transmission
from the polar ionosphere to the equator as reviewed in
detail in “Electric field transmission mechanism” section.

Convection electric field and global DP2 currents
The magnetospheric convection is initiated by the recon-
nection between the southward interplanetary magnetic
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Fig. 1 Dynamo for the convection electric field and the Region-1
field-aligned currents reproduced by the global MHD simulation. The
dynamo currents shown with the red lines are diamagnetic currents
generated by the pressure force of hot plasma (left) poleward of the
cusp region, (right) flowing across the magnetic field lines and driving
the R1 FACs down the magnetic field lines into the ionosphere as
shown with the black lines. The ionosphere is assumed at 3.5 Re in the
simulation. (from Fig. 8 of Tanaka 1995)

field (IMF) and the Earth’s magnetic field at the magne-
topause (Dungey 1961). The convection electric field
is generated by the dynamo around the cusp/mantle
region where the solar wind energy is converted to the
thermal energy of high-pressure plasma (Tanaka 1995).
Figure 1 shows dynamo currents with red lines flowing
(right) across the magnetic field lines (left) in the tailward

Page 2 of 11

cusp/mantle region and the Region-1 field-aligned cur-
rents (R1 FACs) with black lines flowing into the polar
ionosphere assumed at 3.5 Re in the simulation. The red
and black colors in Fig. 1 indicate negative and positive
J-E (J: current, E: electric field), respectively, referring to
the generation and consumption of the electromagnetic
energy. The dynamo provides the dawn-to-dusk convec-
tion electric field and the R1 FACs flowing into/up from
the polar ionosphere in the morning/afternoon sector,
coinciding with the satellite observations (lijima and
Potemra 1976). The dawn-to-dusk electric field propa-
gates near-instantaneously to low latitude (Kikuchi et al.
1996), directing eastward on the dayside and westward
on the nightside.

The convection electric field drives the DP2 currents
composed of two-cell Hall current vortices at high lati-
tude and zonal currents at the equator (Nishida 1968).
The DP2 magnetic fluctuations are well correlated with
the southward IMF (Nishida 1968) and occur simultane-
ously at high latitude and equator (Kikuchi et al. 1996).
Figure 2 shows DP2 fluctuations at high latitude (Nurmi-
jarvi) and equator (Mokolo) with the correlation coeffi-
cient of 0.9 and no time shift greater than 25 s, suggesting
near-instantaneous transmission of the convection elec-
tric field to the equator same as for the preliminary
impulse (PI) of the geomagnetic sudden commencement
(SC) (Araki 1977). The ionospheric currents decrease
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Fig. 2 Quasi-periodic DP2 magnetic fluctuations observed at high latitude (Nurmijarvi) and equator (Mokolo) with the high correlation (corr. coef-
ficient = 0.9) and no time shift greater than 25 s, indicating near-instantaneous transmission of the convection electric field to the equator. (from

Fig. 4 of Kikuchi et al. 1996)
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Fig. 3 A schematic diagram of the DP2 ionospheric currents
composed of the two-cell Hall currents at high latitudes driven by
the dawn-to-dusk convection electric field under the southward IMF
condition and the Pedersen currents flowing into the equatorial iono-
sphere where the current is enhanced by the Cowling effect (EEJ).

A current circuit is completed between the EEJ and R1 FACs via the
midlatitude Pedersen currents carried by the TMy mode wave in the
Earth-ionosphere waveguide. (from Fig. 9 of Kikuchi et al. 1996)

with decreasing latitude because of the geometrical
attenuation, but increased at the dayside equator where
the currents are intensified by the Cowling effect (EE])
(Hirono 1952; Baker and Martyn 1953). The enhanced
EE] is an important feature of the equatorward exten-
sion of ionospheric currents from the polar ionosphere.
Figure 3 shows a schematic diagram of the R1 FACs-EE]
circuit via the polar ionosphere achieved when the R1
FACs dominates over the R2 FACs under the southward
IMF condition (Kikuchi et al. 1996). A current circuit is
completed by the midlatitude Pedersen currents carried
by the TM, mode wave in the Earth-ionosphere wave-
guide (Kikuchi and Araki 1979).

It should be noted that the DP2 electric fields in the
evening are significantly enhanced having the same direc-
tion as those in the day (Abdu et al. 1988). Figure 4 shows
that the eastward electric field in the afternoon-evening
hours (upward drift velocity indicated with the thick solid
curves in Fig. 4, top) is well correlated with the DP2 cur-
rents at the dayside equator (ALCANTARA in the mid-
dle) and afternoon high latitude (NURMIJARVI in the
bottom). The evening anomaly is a unique feature of the
global distribution of the electric potential as calculated
by the potential solver with an input of the field-aligned
currents in the polar ionosphere (Senior and Blanc 1984;
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Fig. 4 (top, thick solid curves) Vertical drift of the F-region ionosphere
observed with the HF Doppler sounder over the equator (KODAIKA-
NAL), which is well correlated with the DP2 magnetic fluctuations at
the (middle) dayside equator (ALCANTARA) and (bottom) afternoon
high latitude (NURMIJARVI). The electric field deduced from the drift
velocity is significantly enhanced in the evening with the same direc-
tion as in the day. (from Fig. 2 of Abdu et al. 1988)

Tsunomura and Araki 1984). Figure 5 shows the electric
field calculated for the equator with the model of Tsu-
nomura and Araki (1984) (T and A), Senior and Blanc
(1984) (S and B) and Tsunomura (1999) (New), reproduc-
ing the evening anomaly with the same direction as in the
day and enhanced magnitude.

The diurnal magnetic variation at the geomagnetic
equator is often depressed substantially during disturbed
periods (Matsushita and Balsley 1972). Matsushita and
Balsley (1972) critically discussed that the DP2 fluctua-
tions should be measured negative from the quiettime
diurnal variation. However, the good correlation between
the DP2 fluctuations at high and equatorial latitudes
(Kikuchi et al. 1996) are in favor of measuring positive as
was done by Nishida (1968). The depression of the diur-
nal variation must be caused by a westward electric field
due to the disturbance dynamo (Blanc and Richmond



Kikuchi and Hashimoto Geosci. Lett. (2016) 3:4 Page 4 of 11
2.0 April 20, 1993
151 SO ‘ EISCAT
— 40F
10 E E
05| I
§ 0 E 208
E £ wog—
05 —— E ¢ (T&A) R
10}k —=— E ¢ (S&B) Sk
15 —+—Eg (New) -10E . . . E|
12:00 13:00 14:00 15:00 16:00
-2.0
0 6 12 18 24 40f ' " Nurmijorvi ]
LT _ 305_ _____ D_P% ................... §u_bs_to_m2 ...... _i
Fig. 5 Electric fields at the equator calculated by the three different E
potential solvers [T and A (Tsunomura and Araki 1984), S and B (Sen- E 20 3
jor and Blanc 1984), New (Tsunomura 1999)] with an input of field- o wog— E1x0.40 /\’\/\/\W
aligned currents in the polar ionosphere. All the model calculations [ E
show the evening anomaly of the electric field in the same direction £ 0 £ 3
as in the day with significant enhancement in magnitude. (from Fig. 5 k]
of Tsunomura 1999) - -WO;* E
_20% | | N E|
12:00 13:00 14:00 15:00 16:00
UT [hours]
1980), which is activated in the midlatitude thermo- . ) o ) _

. X . Fig. 6 Convection (£,) and shielding (£,) electric fields shown with
sphere/lonosphere by the westward thermospherlc wind the solid and dotted lines, respectively, at the (top) auroral and (bot-
having traveled from the disturbed polar thermOSPher& tom) subauroral latitudes as deduced from the electric field measured

by EISCAT and IMAGE magnetometer array data. The convection
Overshielding electric field and CEJ electric field dominates over the shielding electric field at both
The enhanced convection electric field drives an earth- Iat|tu.d§s dum.ng the grovvth phase (DP2), while theAshleIdmg.electr\c
. . . field is intensified and dominates over the convection electric field
ward motion of plasma in the plasma sheet, generating at subauroral latitude with reduced magnitude (0.4 £,) because of
the partial ring current and Region-2 field-aligned cur- the geometrical attenuation during the substorm identified with the
rents (R2 FACs) in the inner magnetosphere (Vasyliunas midnight Pi2. (from Fig. 8 of Kikuchi et al. 2000)

1972). The partial ring current builds up the shielding
electric field with an opposite direction to the convection
electric field, which intensifies the electric field at auro-
ral latitude but reduces it at the mid and low latitudes.
The time constant of the growth of the shielding has been
estimated as 20 min from the magnetometer observa-
tions (Somayajulu et al. 1987) and 20-30 min from the
theoretical calculations (Peymirat et al. 2000).

When the convection electric field reduces abruptly
because of the northward turning of the IMF, the elec-
tric field reverses its direction at mid-equatorial latitudes,
causing the equatorial counter electrojet (CEJ) (Rastogi
1977). The reversal of the electric field was confirmed
by the Jicamarca incoherent scatter radar at the equator,
which was identified as the overshielding electric field
(Kelley et al. 1979; Gonzales et al. 1979).

DP2 and CEJ during the substorm

The substorm growth phase is initiated by the south-
ward turning of the IMF, which causes the DP2 currents
in the ionosphere (McPherron 1970; Kamide et al. 1996).
Kikuchi et al. (2000) separated out the convection and

shielding electric fields during the substorm as shown in
Fig. 6 where the solid/dashed curves indicate the convec-
tion/shielding electric fields at (top) auroral and (bottom)
subauroral latitudes. The convection electric field domi-
nates during the growth phase before the onset identified
with the midnight Pi2 (vertical dotted line); however, the
shielding electric field develops after the onset, leading to
the overshielding when the shielding electric field domi-
nates over the convection electric field in the recovery of
the substorm as shown in Fig. 6 (bottom). The overshield-
ing electric field drives the equatorial CE]J, causing the
equatorial enhancement of the negative bay (Kikuchi
et al. 2000).

Figure 7 indicates a schematic diagram of the sub-
storm currents composed of the partial ring current,
R2 FACs, and the equatorial CEJ with the Hall currents
surrounding the R2 FACs causing reversal of the iono-
spheric currents at midlatitude (Kikuchi et al. 2003). It
is to be noted that the overshielding electric field starts
to increase at the onset of the substorm and continues
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Fig. 7 Schematic diagram of the substorm current circuit composed of the partial ring current, R2 FACs and equatorial CEJ with the Hall currents
surrounding the R2 FACs causing the reversal of the ionospheric currents at midlatitude. (from Fig. 11 of Kikuchi et al. 2003)
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Nightside Inner Magnetosphere
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Reversed lonospheric
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to grow during the expansion phase under the steady
southward IMF condition (Wei et al. 2009; Hashimoto
et al. 2011). Hashimoto et al. (2011) showed that both the
R1 and R2 FACs develop during the substorm and that
the R2 FACs is strong enough to cause overshielding. In
contrast, the convection electric field was reported to
be dominant during the substorm based on the analyses
of the sawtooth events (Huang 2009). The contradictory
observations could be due to the solar wind conditions
responsible for the isolated and periodic substorms or
due to the definition of the substorm whether the saw-
tooth events are substorms or not. If the sawtooth events
were the convection bays, the electric field at low latitude
would be the convection electric field same as the DP2
events. The substorm current circuits have been repro-
duced by the global MHD simulations, showing that the
partial ring currents intensified by pressurized plasma in
the near-earth magnetotail generate the R2 FACs (Tan-
aka et al. 2010). Furthermore, the substorm CEJ has been
reproduced with the global MHD simulation, supporting
the overshielding currents flowing to the equator during
the substorm (Ebihara et al. 2014).

Stormtime electric field and EEJ/CE)J

The auroral electrojet expands equatorward during
storms, driving the DP2 currents at midlatitudes (Feld-
stein et al. 1997; Wilson et al. 2001; Kikuchi et al. 2008).

Wilson et al. (2001) suggested that the electric field asso-
ciated with the DP2 currents might have contributed to
the development of the storm ring current in the inner
magnetosphere. Actually, strong convection electric fields
have been observed by CRRES and Akebono at L = 2-6
(Wygant et al. 1998; Shinbori et al. 2005; Nishimura et al.
2006). The electric field is as strong as 46 mV/m during
the major storm on 13 March, 1989 (Shinbori et al. 2005).
The convection electric field penetrates to the equatorial
ionosphere, intensifying the EEJ on the dayside (Kikuchi
et al. 2008).

Rastogi (2004) demonstrated that the magnitude of
the geomagnetic storm was significantly enhanced at
the dayside dip equator, which was caused by the CEJ
due to the northward turning of the IMF. Kikuchi et al.
(2008) further showed that the geomagnetic storm was
enhanced with an equatorial to low latitude amplitude
ratio of 2.7 as shown in Fig. 8 where the storm at low
latitude (OKI) is caused by the ring current but those
at the equator (GAM, YAP) is significantly enhanced
by the EE]. The EE] derived as a difference between the
disturbances at the low latitude and equator is intensi-
fied during the main phase (02-04UT, Fig. 9, bottom),
while the CE]J develops during the recovery phase (04-
06 UT). Both the EEJ and CEJ contribute to the equa-
torial enhancement of the geomagnetic storm. The
recovery phase CEJ was shown to be associated with
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Fig. 8 Geomagnetic storm recorded at low latitude, Okinawa (OK)
and equator, Guam (GAM) and Yap, Micronesia (YAP) in the western
Pacific region. The storm is enhanced at YAP with an enhancement
ratio of 2.7, caused by combined effects of the main phase EEJ and
recovery phase CEJ. (from Fig. 6 of Kikuchi et al. 2008)

the rapid poleward shift of the auroral electrojet as
shown with the contours of the ionospheric current
intensity in Fig. 9 (top), suggesting that the stormtime
CEJ may have been caused by substorms. It is to be
noted that the shielding became effective in late main
phase and overshielding occurred during the recovery
phase in contrast to that Huang et al. (2005) pointed
out that the convection electric field continued to pen-
etrate to low latitude for many hours during the storm.
The time constant of the overshielding still remains a
crucial issue, since the direction of the electric field at
midlatitude would play a key role in the generation/
decay of the equatorial ionospheric anomaly, mag-
netic disturbances, and probably ring current develop-
ment/decay in the inner magnetosphere. Indeed, the
overshielding electric field has been detected by the
CRRES and Akebono satellites in the inner magneto-
sphere during the recovery phase (Wygant et al. 1998;
Nishimura et al. 2006), which would contribute to the
decay of the ring current.

The stormtime current circuits are composed of the
R1 FAC-EE] during the main phase and the R2 FAC-CE]
during the recovery phase, which are similar to those of
the substorm growth and expansion phases, respectively.
It should be noted, however, that the CEJ occurs even
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during the storm main phase (Fejer et al. 2007), which
could have been caused by the disturbance dynamo
activated by the preceding storm activities. It should be
reminded that the disturbance dynamo begins to work
with a time lag of several hours from the beginning of
storm and continues to work for, say, 10 h (Fejer and
Scherliess 1997). In contrast, the overshielding develops
quickly responding to the solar wind conditions and sub-
storm activities. The latitude and local time distribution
of the ionospheric electric field would enable us to dis-
tinguish the overshielding from the disturbance dynamo.

Electric field and currents during the SC

The ionospheric currents achieved during the geomag-
netic sudden commencement (SC) are similar to the DP2
currents except that the time scale of the SC is as short
as a few minutes or even less. The SC is composed of the
preliminary impulse (PI) and main impulse (MI) superim-
posed on the stepwise increase (DL) (Araki 1994). The PI
and MI with typical time scales of 1 and 5 min are caused
by the ionospheric currents driven by the dusk-to-dawn
and dawn-to-dusk electric fields, respectively. The DL is
caused by the compressional MHD waves launched by
the intensified magnetopause currents (Tamao 1964).
Both the PI and MI are characterized by the equatorial
enhancement (Araki 1994) and the electric fields on the
day- and night sides are opposite to each other except that
the electric fields in the evening are in the same direc-
tion as in the day (Kikuchi 1986). The evening anomaly of
the PI and MI electric fields leads to the fact that they are
potential fields transmitted with the ionospheric currents,
similar to the convection electric fields.

Electric field transmission mechanism

Using the SC, we can confirm the simultaneous occur-
rence at high latitude and equator within the temporal
resolution of 10 s. Araki (1977) found that the PI started
simultaneously at the equator (KO in Fig. 10) and high
latitude (PB, CO, SI) and suggested that the equatorial
PI is caused by the polar electric field having propagated
to the equator instantaneously. The instantaneous trans-
mission of the polar electric field was explained by means
of the TM, mode electromagnetic waves propagating
at the speed of light in the Earth-ionosphere waveguide
(Kikuchi and Araki 1979). The TM,, mode is equivalent
to the TEM (transverse electromagnetic) mode in the
two-conductor transmission line. As seen in Fig. 10, the
equatorial PI looks isolated from the high latitude PL
This is because the propagation of the electric field suf-
fers severe geometrical attenuation (Kikuchi and Araki,
1979) and no or small PI is observed at mid and low
latitudes (FR, TU, HO). Figure 11 shows a schematic dia-
gram of the three-layered Earth-ionosphere waveguide
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recovery phase (from Fig. 8 of Kikuchi et al. 2008)
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Fig. 9 (bottom) Equatorial electrojet obtained as a difference between the geomagnetic storms at OKl and YAP, which is composed of the EEJ and
CEJ during the main and recovery phases, respectively. (top) The auroral electrojets shown with the contours of current intensity develop at mid-
latitude below 60° corrected geomagnetic latitude (CGM) during the main phase, while they shift to the auroral latitude (60-70° CGM) during the

terminated by the fully ionized magnetosphere (Kikuchi
2014). The positive electric potential (+V) is transmit-
ted with the downward FAC (thick arrow) to the left end
of the waveguide, providing the vertical electric field,
E,y in the waveguide, which excites the TM,, mode wave
propagating with the horizontal Poynting flux, Sy, at the
speed of light. The TM,; mode wave carries electric cur-
rents in the ionosphere and on the ground, which are
connected by the displacement current on the wave front
of the TM,;, mode wave. The same propagation mecha-
nism works for the negative potential of the upward FAC.

Then, a current circuit is completed between the mag-
netospheric dynamo and the equatorial ionosphere as
schematically shown in Fig. 12, which allows the dynamo
current to flow into the global ionosphere and further
into the ground even in a steady state. Under an assump-
tion of an east-west symmetry, the positive and negative
potentials meet and cancel each other in the noon-mid-
night meridian. The ionosphere with zero-potential is
effectively connected to the ground with zero-potential.
Thus, the noon-midnight meridian can be replaced with
a perfectly conducting sheet as shown with the vertical
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Fig. 10 The preliminary impulses (PI) at high latitude (PB, CO, SI) and
equator (KO), beginning simultaneously within the temporal resolu-
tion of 10 s, while no or small Pl is observed at mid and low latitudes
(FR, TU, HO). The simultaneity of the onset suggests the instantaneous
transmission of the polar electric field to the equator (from Fig. 7 of

Araki 1977)

dashed line at noon, on which downward and upward
currents of the same amount are supposed to take part
in the duskside and dawnside current circuits driven by
the positive and negative potentials, respectively. Replac-
ing the waveguide with the finite-length parallel plane
transmission line, Kikuchi (2014) calculated the electric
potential and currents in the ionosphere and showed
that the ionospheric currents grow to the steady-state
value with the time constant of a few to 10s of seconds,
depending on the ionospheric conductivity. The trans-
mission line model well explains the instantaneous onset
of the PI at all latitudes and delayed peak at the equator
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by 20 s (Takahashi et al. 2015). The global distribution of
the steady-state currents is readily calculated using the
potential solver (Tsunomura and Araki 1984).

Since the TM,) mode wave has no low cutoff frequency,
the propagation suffers no attenuation at all frequencies
(Budden 1961). However, the TM,, mode waves suffer
geometrical attenuation causing the intensity at low lati-
tude to be less than 10 percent of the source field (Kikuchi
and Araki 1979). Because of the geometrical attenuation,
the ionospheric currents depending on the ionospheric
conductivity are too weak to cause the PI at low latitude
(Fig. 10). However, the electric field is strong enough to
be detected by the HF Doppler sounder (Kikuchi 1986).
The electric field associated with the ionospheric cur-
rents is transmitted by the Alfven wave upward into
the F-region ionosphere and the inner magnetosphere
(Kikuchi 2014), which leads to the coherent variations
of the ground magnetic field and ionospheric motion at
the geomagnetic equator, as observed by the HF Doppler
sounders (Abdu et al. 1988) and by the Jicamarca inco-
herent scatter radar (Kikuchi et al. 2003). The upward
transmission of the Poynting flux into the inner magne-
tosphere has been observed by the satellites (Nishimura
et al. 2010), causing the quick development of the electric
field in the inner magnetosphere (Nishimura et al. 2009),
ring current (Hashimoto et al. 2002), and so on.

Conclusion

The convection electric field is transmitted by the Alfven
wave from the dynamo in the outer magnetosphere to
the polar ionosphere, accompanying the R1 FACs and
driving the DP2 currents composed of ionospheric Hall
currents at high latitude and the Pedersen currents
amplified by the Cowling effect at the dip equator. The
convection electric field is transmitted to low latitude
near-instantaneously by the TM;, mode waves in the
Earth-ionosphere waveguide, resulting in high correla-
tion of the DP2 fluctuations between high latitudes and
equator during storm and substorms. The electric field
associated with the DP2 currents is transmitted into the
F-region ionosphere and into the inner magnetosphere,
causing quick response of the low latitude ionosphere
and ring current development when the cross polar
cap potential increases. The overshielding electric field
together with the R2 FACs causes reversal of the iono-
spheric electric field at midlatitude and the counter elec-
trojet at the equator during substorm expansion phase
and storm recovery phase. The same current circuit is
achieved in the ionosphere during the geomagnetic sud-
den commencements, attesting the instantaneous trans-
mission of the electric field and currents from the polar
ionosphere to the equator. The evening anomaly of the
electric field directing in the same direction as in the
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Fully-ionized magnetosphere
E.. z
- ——
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X
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J, S, I.L_.E,, Conducting ionosphere
h
= =5, [x+Ar
® S [x] i [x * ] Wave front currents
H,, of the TM,, mode wave
E.
x=0 X i x+ Ax _
. : z=0

 Perfectly-conducting ground |

Fig. 11 Three-layered Earth-ionosphere waveguide model explaining the instantaneous transmission of the electric potential (+V;) and currents
(Jy) given by the downward field-aligned current [FAC(+)] at the left end of the model. The TM, mode wave consisting of the vertical electric field
(E,) and magnetic field (H,y) perpendicular to the propagation plane propagates at the speed of light, carrying electric currents in the ionosphere

and on the ground and transporting the Poynting flux (S

W) consisting of £, and H,,, to low latitude. A fraction of the Poynting flux (5, = S,

[x + AX]—S,, [X)) is transmitted into the ionosphere and another fraction into the inner magnetosphere (S,,,). (from Fig. 1 of Kikuchi 2014)

Magnetospheric dynamo

=3 Tonospheric current

<+« P Virtual current

= p Ground surface current
———————— Perfectly conducting sheet

Fig. 12 Magnetosphere-ionosphere-ground current circuit achieved
in a steady state. The east-west symmetry leads to the zero-potential
in the noon-midnight meridian, which can be replaced with the per-
fectly conducting sheets (dashed lines). Downward and upward cur-
rents of the same amount are supposed to connect the ionospheric
currents to the ground surface currents in the duskside and dawnside
current circuits driven by the positive and negative potentials, respec-
tively. (from Fig. 12 of Kikuchi 2014)

day and enhanced magnitude is a unique feature of the
electric potential in the global ionosphere, which is com-
monly observed during the DP2 and SC events.
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