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Dynamo

Current circuit
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The current system is an energy Energy W =V

transmission system.

In the dynamo, J and
E are in opposite
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direction.
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Solar flare on 28 October 2003 (SOHO)
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Solar flare on 28 October 2003 (SOHO)

Coronal mass ejection (CME) Solar energetic particles
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Geomagnetic storms at low latitude (Okinawa)
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Mid latitude aurora during the major storm in April 1981 in Boulder, Colorado




Low latitude aurora during the major storm in October 1989 in Hokkaido, Japan




Earth observation satellite “Midori” suffered fatal
damages during auroral substorms

(1) 30min before, passed over the evening auroral region
(2) 10min before, passed over the morning auroral region

T #: 2003/10/24 16:00:00 (UTC)
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Auroral electrons 1.E+08
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Scintillations on the signal of the meteorological satellite
Himawari during the storm in April 2001
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G eomagnetically induced currents on 13 March 1989

Daote: 890313 Station: gqua
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(SSC), geomagnetic storms and substorms
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MHD simulation of the PI currents

The magnetopause current is intensified by the CME,
which drives the field-aligned current.

grid : 89x120x 90 (754, 505)

Magnetopause current

Field-aligned currents

time : 1.00000



morning afternoon

L ocal time and Iatitudinal
features of SSC

(Araki, 1994)

PPI

The preliminary impulse (PI)
R preceding the main impulse (M1)
)PP appears as the preliminary reverse
- : impulse (PRI and the preliminary

positive impulse (PPD), depending
on the local time and latitude.

morning

(e) PPI The complicated Iatitude and local
’ time dependence are explained by
means of ionospheric currents
| . caused by the dusk-to-dawn
b (PRI/PPI) and dawn-to-dusk (MI)
vt e electric fields.

Fig. 11. Decomposition of the SC disturbance field into DP-
and DL-sub-fields.




Storm sudden commencement (SSC)

980218 H-—component

SSC: storm sudden commencement
P|: preliminary impulse (1min)
PP preliminary positive impulse
PRI: preliminary reverse impulse
MI: main impulse (10min)
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PI Current System in the Magnetosphere and Ionosphere

Field—Aligned

\

Alfveén

Currents

Hall Current

[Mid Latitude]

[Equator]
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Bt I Polarization Currents
Compressional Waves

At the equator, the ionospheric
current is enhanced by the
Cowling effect.

Cr}fz Chapman—-Ferraro Currents
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FACs of the Pl on the polar ionosphere
(MHD simulation)
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(Fujita et al., JGR 2003)




Near-instantaneous transmission of the Pl currents from high
latitude to the equator. The PI started within a few seconds.
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GEOMAGNETIC H-COMPONENT
at HUSAFELL

PRI electric field at nightside

low latitude o
(HF Doppler observation) \/ PRI at high latitude
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Global PC5 at high-equatorial latitudes

(morning sector)
Motoba et al.(JGR 2003)
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Global PC5 at high-equatorial latitudes
(afternoon sector)
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Magnetospheric convection

When the IMF is southward, the magnetic reconnection at the
dayside magnetopause put the solar wind energy into the
magnetosphere.

Magnetic reconnection

Dungey (1961)




The magnetic reconnection creates the
high pressure plasma regime around the
Cusp (MHD simulation by Tanaka [JGR 1995])

IMFBz<0

normalized value

The red/white color indicates
high pressure plasma.
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Dynamos of the convection electric field and the

Region-1 field-aligned currents
(MHD simulation by Tanaka [JGR 1995])

EM energy = cross polar cap potential x field-aligned currents

Dynamo currents lali |
. el ol Ve scal o
Bz<0 (red lines) 5 0
s i, . 11_.: ll.:'
10.0
0.0

The red/white color

R-1 FACs

represents JLE<O. _
(black lines) §8

The electric currents ~=m
are generated by the (blacklines)

pressure gradient.




Dynamo currents in the outer magnetosphere (red) and
the R1 FACs (black) flowing into the polar ionosphere

The red color indicates J E<O.

-, From the dawn side

Dynamo currents

' Cusp

Reglun- 1 FAC

[Tanaka, JGR 1995]



Region-1 and Region-2
field-aligned currents
on the polar ionosphere
(Tanaka, JGR 1995)

Bz<O0

midnight
case for southward IMF

The 1onospheric plasma flows
along the potential lines.

The 1onospheric Hall currents
flow In opposite direction to
the plasma flow.

100 kV x100 MA=100 GW

potential
noon

midnight
case for southward IMF




Quasi-periodic DP2 magnetic fluctuations at high
latitude and equator correlated with the IMF

DP 2 AND INTERPLANETARY FIELD

Quasi-periodic DPZ2 magnetic fluctuations
are caused by convection electric fields
controlled by the IMF.

(Nishida, JGR 1968)
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N ear-instantaneous transmission of the convection
electric field to the equator
(R1FACs - EE] current circuit)

The excellent correlation between the high
latitude and equatorial DP2 suggests near-
Instantaneous transmission of the electric
Equator field and current to the equator.

Field strength [nT]

Time [UT]

Region 1 Field-Aligned Current

Field strength [nT]

13:00
Time [UT]

A current circuit iIs completed
between the R1 FACs and the
equatorial currents.

Enhanced Pedersen Current

(Kikuchi et al., JGR 1996)



SuperDARN observation of the large-scale

lonospheric convection

(a) 15:56-15:58 UT

"

(b) 16:00 - 16:02 UT

The sunward convection
In the afternoon sector Is
Intensified at the onset of
substorm.

The anti-sunward U e
I (c) 16:12-16:14 UT.

convection appears o

equatorward of the

sunward convection.

B0 - EHO UT - B30 UT
r r

The latitudinal features of

the convection flow -
implies development of i

¥

the R2 FACs.




Magnetosphere-ionosphere
current circuit

Force balance in the dynamo

dv
—=JxB-V
pdt P

Generation of EM energy

JIE =(J><B)><V <0

Radiation of EM energy

V.-S=-JIE>0

S =ExAB, / u, (Poynting flux)

FAC (Charge accumulation)
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@ convection
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Dynamo

Magnetospheric
plasma

Field-aligned

currents

lonospheric
currents

lonospheric
plasma
convection



Transmission In the 1onospheric F-region

The ionospheric waveguide centered at the F-region peak has a
lower cutoff frequency at 0.5 Hz [Manchester, 1966], which can be
applied to the PC1 but NOT to the PRI.

F-region waveguide mode is the fast mode
described by the Schroedinger equation.
(Tepley and Landshoff, 1966)
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Transmission In the 1onospheric E-region

The propagation mode is a diffusion mode in the E-region, which requires 1 h to make
obervable effects at the equator. (Kikuchi and Araki, JATP 1979a)
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E arth-ionosphere
waveguide model

Fully-ionized magnetosphere

Wave front currents
of the TM, mode wave

Magnetosphere

Upward propagating
Alfven wave

\ertically propagating
diffusion mode wave

Horizontally propagating
TMO mode wave




Excitation of the TMO mode wave

The electric and
magnetic fields are
transmitted into the
space below the
lonosphere, exciting the
TMO mode waves In the
Earth-ionosphere
waveguide.

Reflection and transmission coefficients
C = RlZZ _Zl( Rl + ZZ ) =_-0.821
RZ,+Z,(R +Z2,)

2RZ, =0.179

‘" RZ,+Z(R +Z,)



Three-layered Earth-ionosphere waveguide

The ionospheric electric field is
mapped upward into the F-region and

The ionospheric to the inner magnetosphere.
potential propagates at

the speed of light.

Magnetosphere

ﬂ Fully ionized magnetosphere

A T

v \4
U —1 [

() HVV E h
E,, S, x+A x)

Perfectly conducting ground

SxV (X) = ZOH yVZ(X) - EZVZ(X) / Z0

Kikuchi (AGU monograph, 2005)



E arth-ionosphere waveguide model

2(upward) The polar electric field is transmitted to the equator at
y | e, the speed of light by the TMO mode wave in the Earth-
(eastword) lonosphere waveguide.
fonosphere The TMO mode wave has no lower cutoff frequency,
which enables long-period disturbances to propagate to
T, mode: propagative the equator.
o nere The transmitted electric field suffers from geometrical

attenuation, but the induced currents are enhanced at the
dayside equator by the Cowling effect.
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Cluster C1 and C3 13 Jan 2004

Upward Poynting flux from the
lonosphere to the inner
magnetosphere

EDcl
[mV/m]

_.4
0.002
0.001

PRI electric field is observed 5 o
prior to the arrival of the :
compressional MHD wave.
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Geomagnetic storm

20001108 WIND
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The partial ring current is developed by the convection
electric field, which is the dynamo of the R2 FACs

Earthward motion of plasma

CROSS-TAIL
BIRKELAND CURRENT
CURRENT

HEE\Y

PARTIAL
RING CURRENT

The R2 FACs provide a dusk-to-dawn
shielding/overshielding electric field to the ionosphere.



CRL Magnatometar Matwork
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Equatorial electrojet during the storm

EEJ: eastward electrojet
CEJ: counterelectrojet

DF part, from the quiet day Date: WZ011106 Qdate:w2Z011104  Station: yap—oki

EEJ | .
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(Kikuchi, Hashimoto, Nozaki, JGR 2008)
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Low latltude |0nograms durmg Nov 6, 2001 storm
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Low latltude 10RO

: 11/06
11/05

g 10121416 g 10121416 g 10121416
Frequ_ency(MHz)_ : ; Frequ_ency(MHz)_ : ; : Frequ_ency(MHz)_

T}
oW
s 2
S S
T}
oW
s 2
S S
T
oW
s 2
S S

H-Component{n
2
=]

=

=

H-Component{n
2
=]

TIME(UT

H-Component
z
o O

TIME(UT TIME(UT

=sabae 0020 UT

zabae 0040 UT =abae 0G.00 UT

o[ e 11706
e 10 |l

g 10121416 g 10121416 g 10121416
Frequ_ency(MHz)_ : ; : Frequ_ency(MHz)_ : ; : Frequ_ency(MHz)

]
=}
=)

]
=
=)

H-Component{n
2
=]

=

TIME(UT

TIME(UT TIME(UT




Enhancement of the total electron content (TEC)

1909 Mesh#23 (141E,39N) ...-22.10m GPS navigation error
November, 2001 .
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Auroral substorm




Equivalent currents for ground magnetic
disturbances during the growth and expansion
phases of substorms

[lijima and Nagata, 1972]

Growth phase (DP2) Expansion phase (DP1)

GROWTH PHASE EXPANSION PHASE



i DP2 and overshielding currents during the substorm

e The magnetic IMAGE Magnetometer chain
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Equatorial DP2/overshielding Kikuchi et al. ( JGR 1996, 2000)

during the substorm .
growth/expansion phase Magnetometer chain in the afternoon sector
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Overshielding at the onset of an
isolated substorm
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The equatorial CEJ begins 2 min earlier than the midnight
positive bay

Mid—Latitude and Dip—Equator
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(Hashimoto et al., JGR 2011)




Global MHD
simulation of the
substorm current

system

Aring current-R2 FAC current
circuit is completed between the
inner magnetosphere and auroral

lonosphere at the onset of the

substorm.

Substorm R1 FACs are generated
by the dayside cusp dynamo

(Tanaka et al., JGR 2010)
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MHD simulation of
the R1 and R2 field-
aligned currents on
the polar ionosphere
during the substorm

(Tanaka et al., JGR 2010)

FAC (ionosphere)

0.7 amp/m



Integrated R1and R2 FACs during the substorm

(Courtesy of Fujita and Tanaka)

Both the R1 and R2 FACs increase significantly during the expansion phase
In agreement with the observations.

The R2 FACs are strong enough to cause the overshielding at low latitude.

integrated FAC

Substorm onset

Growth phase Expansion phase

R1 FACs




Dayside substorm currents driven by the R1 and R2 FACs

R1 FAC - EEJ R2 FAC - CEJ
current circuit current circuit

R1 FAC




Substorm
(auroral substorm

Growth phase

Expansion phase

Recovery phase
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PBI and preexisting arc

(Toshi Nishimura)
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Pre-onset BBF and PBI
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[Nishimura et al., 2011 pre-onset thin arc]
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Onset arc FACs

[Nishimura et al., JGR2012 in press, onset FAC]
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Breakup arc FACs

[Nishimura et al., JGR2012 in press, onset FAC]
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Post-breakup FACs

[Nishimura et al., JGR2012 in press, onset FAC]
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Summary (1)

m Different types of dynamos are activated in the magnetosphere
during the geospace disturbances: magnetopause currents (SSC,
PC5), diamagnetic currents in the cusp/mantle (R1 FACs), in the
Inner magnetosphere (ring currents, R2 FACs) and in the near-
Earth magnetotail (substorm currents).

m The electric field and currents are transmitted along the magnetic
field lines forming a pair of field-aligned currents to the polar
lonosphere. They are transmitted to low latitude by the TMO
mode waves In the Earth-ionosphere waveguide, driving DP2
type 1onospheric currents composed of two-cell Hall currents
and Pedersen currents amplified by the Cowling effect at the
dayside equator.

m The electric field is transmitted from the conducting ionosphere

to the F-region and inner magnetosphere, causing quick response
of the low latitude 1onosphere and inner magnetosphere.



Summary (2)

m During the substorm growth phase and storm main phase, the
convection electric field prevails down to the equator, causing
significant ionospheric disturbances such as the EIA, PRE, TEC
and so on.

= During the substorm expansion phase and storm recovery phase,
overshielding occurs at mid-equatorial latitudes, suggesting that the
energy deposited In the inner magnetosphere can make significant
electrodynamic effects in the low latitude ionosphere.



