
極域から磁気赤道域を接続する
全球電磁結合系の研究

-ネットワーク観測とモデリング研究の融合-

吉川顕正(1)(2)、今城峻(1)、松下拓輝(1)、魚住禎司(2)、 阿部修司(2) 、中溝葵(3)、
大谷晋一(4)、MAGDAS/CPMNグループ(2)

(1) 九大/EPS, (2)九大/ICSWSE, (3)FMI, (4)APL/JHU, 
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現観測点数：72点
FM-CWネットワーク：CEB, SAS, ANC

～２０００　地磁気脈動・擾乱特性

２０００～　
磁気圏・電離圏結合現象
大気圏・電離圏結合現象

宇宙天気研究
地象現象
全球結合現象



INTERMAGNET
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太陽擾乱ー磁気圏ー極域ー磁気赤道域
全球電磁力学結合系

• オーロラジェット電流系(AEJ)と赤道ジェット
電流系（EEJ）の結合　　　　　　　　　　　　
（極域・磁気赤道域で同期する磁場変動, 
Dp2, Pi2etc., →極域電場侵入の文脈で説明）

• 未解明な電場侵入メカニズムとその経路　
（弱電離気体系に於ける緯度間結合・経度間
結合・上下間結合）

• 全球観測と理論・モデリングによる結合チャ
ンネルの解明

enhanced equatorial 
ionospheric current

??

electromagnetic 
disturbance

Transmission of a polar electric field
 [e.g. Kikuchi and Araki, 1979]



Outline

•赤道Dp2 type 擾乱が示唆する電場の朝夕非対称性
侵入 （太陽風ー極域ー昼側電離層電流系）

•全球結合系記述のための基礎方程式

•極域-磁気赤道域Cowling結合チャンネルの可能性



Dp2 variation (fluctuation of ionospheric 
convection by IMF change:  Nishida, 1968a)

・Good correlation between IMF BZ and ground H-component 
・Equatorial enhancement of DP2 

Huancayo H and IMF BZ Latitudinal variation of DP2

Inclination of IMF�

Equivalent current system
(~Hall current ~ convection stream line)



Dp2 type current system?

Pedersen circuit model
[Kikuchi et al., 1996]

Latitudinal profiles of DP2
[Kikuchi et al., 1996]

　Cowling効果→１次Pedersen電流 + 2次的Hall電流によるジェット効果　
→2次的Hall電流のクロージャー（電流供給）はどう説明するのか？



LT distribution of DP2 amplitudes:
Deviation of  DP2 component from background EEJ

・Decide starting point and end point of DP2.
・Draw a line from the starting point to the end point
・Measure the value from straight line to peak of DP2

DP2 amplitude

background EEJ



Local time  vs  DP2 amplitude (case study)

Green: LKW(LT=UT + 6.7)
   Blue: TIR (LT=UT + 5.2) 
    Red: CEB(LT=UT + 8.3)
  Aqua: YAP(LT=UT + 9.2)

① ② ③

Amplitude
[nT]

2008.02.03  03-5.5UT

Number of time [min.]



Data set
1.
2. Station lists

2008.01.01~2008.12.31

StationName GM lat. GM lon. LT
ILR -1.82 76.80 UT+0.3
AAB 0.18 110.47 UT+2.6
TIR 0.21 149.30 UT+5.2

LKW -2.32 171.29 UT+6.7
CEB 2.53 195.06 UT+8.3
YAP 1.49 209.06 UT+9.2

2008.02.03__04-4.5UT Green: LKW(LT=UT + 6.7)
   Blue: TIR  (LT=UT + 5.2) 
    Red: CEB (LT=UT + 8.3)
  Aqua: YAP  (LT=UT + 9.2)10.7-11.2LT

9.2-9.7LT
13.2-13.7LT

12.3-12.8LT

②

Amplitude
[nT]



LT-distribution of  DP2 amplitude (statistic 

Amplitude of H-component DP2 at equator

Noon

A Peak of DP2 is around 11LT
Asymmetry between
 pre and post noon

2008

Local time [hour]

A
m
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 [n

T]

EEJ asymmetry [Manoj, 2006]



Comparison with B and σ 
D

P
2 

am
p.

 [n
T]

C
ow

ling conductivity

Local time [hour]

              A peak of DP2: 11LT
  A peak of conductivity: 13LT

2008

→ This difference peak between DP2 and Con. indicates that 
electric field produces DP2 peak at morning side



E calculated from B and σ 
2008

B
/σ

Local time [hour]

Estimated E-field of DP2 asymmetry

• 磁気赤道に於けるDP2擾乱は、電場と連
動した午前-午後の強い非対称性をもつ。

• 背景EEJ（半日潮汐）と同様の傾向

• しかしながら駆動電場は極域起源

• 何がこの電場非対称性をもたらすの
か？？



３D multi-fluid Ohm’s law

電磁流体・中性流体の力学によって決定される起電力

Hall 電場

8150 SONG ET AL.' THREE-FLUID OHM'S LAW 

Year '96; Lat ß 75 LT' 12 
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Figure 1, Collision frequencies and gyrofrequencies as 
functions of altitude at local noon at 75 ø latitud e . They 
are determined based on the observations/laboratory exper- 
Iments and the formula of Kelley [1989]. The anisotropy in 
the collision frequencies become unimportant above 80 km. 
More detailed discussion on the relationships among these 
quantities and anisotropies is given by Richmond [ 1995]. 

tively. It is important to point out that the conductivities 
in the generalized Ohm's law depend on electron-ion col- 
lision frequency %i, and do not depend on neutral collision. 
The parallel conductivity goes to infinity, while the Pedersen 
conductivity goes to zero in nearly collisionless regimes, in 
contrast to ideal MHD, in which all conductivities go to in- 
finity. In this region the electric field, plasma velocity, and 
current are related through the generalized Ohm's law, but 
they cannot be fully determined unless other relations are 
incorporated. The coupling with other regions is through 
the electromagnetic field and currents that are normal to the 
boundaries between regions. 

In the E-region ionosphere, typically considered to be be- 
low • 150 km, the collisions between neutrals and charged 
particles become important and may even be dominant. The 
charged particles are coupled with the upper ionosphere via 
electromagnetic field and currents, and the neutral particles 
in the thermosphere are coupled with the charged particles 
through collisions. This region can be described as a three- 
fluid system. The coupling is expressed by a conventional 
collisional Ohm's law j // // = all Ell + ap(E• + Un X B) + 
" (E + Un x , cab x B) [e.g., Kelley, 1989; Richmond, 1995' 

Luhmann, 1995, and references herein], where Un is the ve- 
t/ //and // 1ocity of the neutral wind, and a,, cv rr• are the par- 

allel, Pedersen, and Hall conductivities for the conventional 
Ohm's law, respectively. We note here that many of the com- 
monly used expressions for the conductivities are derived 
when the electron-ion collisions are ignored [e.g., Luhmann, 
1995]. The conductivities are typically expressed in terms 
of the ion-neutral collision and electron-neutral collision fre- 
quencies, in contrast to those in the generalized Ohm's law. 
Kelley [1989, p. 38] commented that his inclusion of the 
electron-ion collisions in some expressions of conductivities 
are not self-consistent. Richmond [1995] self-consistently 
included electron-ion collisions in the parallel conductivity. 
The most important difference from the generalized Ohm's 
law is the replacement of the plasma velocity with the veloc- 
ity of neutral particle s . This difference can be understood, 

as each form is written in a different frame of reference. An 
immediate consequence of this difference is that the iono- 
spheric plasma velocity is not explicitly specified. Neverthe- 
less, in order to study magnetosphere-ionosphere coupling, 
the difference between the magnetospheric convection and 
ionospheric velocity, instead of the difference between the 
magnetospheric convection and the neutral velocity, is one 
of the most important pieces of information, and it is not 
explicitly specified in the conventional Ohm's law. 

In section 2, we present a three-fluid treatment to derive 
a general expression of Ohm's law that includes electron- 
ion, electron-neutral, and ion-neutral collisions. This form 
of Ohm's law is cast in the plasma frame, different from the 
conventional form used in the magnetosphere-ionosphere- 
thermosphere coupling as discussed above. It is the same 
as the generalized Ohm's law, although the conductivities 
are evaluated differently because of the inclusion of neutral- 
plasma collisions. This form can easily retrieve the gen- 
eralized Ohm's law when neutral collision frequencies go 
to zero and the frozen-in condition when all collision fre- 
quencies are zero. In addition, the momentum equation for 
steady-state, uniform three-fluid flow is also derived. In sec- 
tion 3 the simplification of the conductivities in each region 
of the Earth's environment is discussed. The complete form 
of the conductivities for the Ohm's law in the neutral wind 
frame appears too complicated for any practical use. Ap- 
proximations have to be made to derive the conventional 
conductivities. The approximations and mathematical de- 
tails to derive the conventional conductivities are presented 
in section 4. Some of the physical consequences of Ohm's 
law and the momentum equation in terms of magnetosphere- 
ionosphere-thermosphere coupling are briefly discussed in 
section 5. More complete discussion will be presented in a 
later work. 

2. Three-Fluid Treatment: Momentum 
Equation and Ohm's Law in Plasma Frame 

^ full treatment of three-species, i.e., electrons, ions, and 
neutrals, can be started from the kinetic equations for each 
species. One then integrates these equations over the phase 
space, defines macroscopic quantities, and derives various 
moment equations for each species [e.g., Gombosi, 1994]. 
These moment equations and macroscopic quantities de- 
scribe each Sl•..cies as a fluid without invoking the motion of 
each individual particle. These equations can include the in- 
teraction or collisions among different species. In this study 
we focus on the behavior of the momentum equation for 
each of the three species. These equations are, in the Earth's 
frame, for ions, 

Nerrti oui Dt = -VPi + eNe(E + ui x B) + Fi 
-Nemi•in(Ui- Un) -- Nemi•e(ui- ue), (1) 

for electrons, 

Due 
Nom•'Dt V?e - eNe(E + tie x B) + Fe 

-Nemey, n(Ue - Un) - -N'emeYei(ue - Ui), (2) 
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分極電場の重要性
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Numerically investigate,  how the dawn-dusk conductivity terminator and dip-equator modify 
the Dp2 current system

• R1-type FAC located in the night-region

• no R2-FAC

• vertical geomagnetic field

• neglect geometrical effect

510

680

-340-170

-3400

850

1700

3400

+

+

-

-

north

south

+

∇⊥ ⋅

Σ∇⊥Φ( ) = j//

0( )

input conductance input FAC

calculated potential

du
sk

-s
id

e 
te

rm
in

at
or

？
sunlit region

da
w

n-
si

de
 t

er
m

in
at

or

shadow region

dip-equator
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• day-side and night side regions are divided by the terminator (sharp 
conductivity gradient) region
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How to approach to this problem?
• distribution of potential source

distribution of electric field is determined by

• polarization field at the conductivity edge

→　consider two-cell type convection accompanied by 

         the R1-current system 
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-
Primary Pedersen 

equipotential line 

dip-equator 

North 

South 

・ if equipotential-lines of convection cell can cross the magnetic dip equator, 

as they surround the dawn side and dusk side convection shell, a resultant  eastward 
electric field drives the downward Hall current
・global Hall current flows from polar to equatorial region induces positive 

polarization charge at the bottom dip-equator and upward polarization fields ehhances  
the EEJ by the Cowling effect
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→　consider polarization effect at dawn-dusk conductivity  

        terminator  and dip-equator
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・Hall current flow along the convection cell produces the polarization charge at the 

dawn-dusk terminator, and this polarization field generates the secondary Hall current 
along the terminator, which possibly produces accumulated charge at the dip-equator

・resultant eastward electric filed may drives the EEJ variation in the calssical manner
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dip-equator

Modification of Potential structure by 
the polarization charge
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total ionospheric current

・equator ward meridional current flows along the dawn-side terminator line and connecting between  AEJ and  EEJ

・equator ward meridional current at morning side also runs into the equator, and enhances the EEJ

・EEJ gradually decreases through  diversion to the  poleward current at evening side

dip equator
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Hall part Pedersen part

The EEJ is the Cowling current  of which continuity is preserved by connection via Cowling current along 
the dawn-terminator, Hall current converging from polar to dip-equator, and Pedersen current diverging 
from dip-equator to polar region !!

・at the dawn side terminator, Hall and Pedersen currents in the east-west direction  are cancelled out each other, while equator-

ward  Hall and Pedersen currents flow in the same direction 

・at the dip-equator, Hall and Pedersen currents in the north-south (downward and upward) direction are cancelled out each other, 

while eastward  Hall and Pedersen currents flow in the same direction 

・Hall current runs into the equator at the morning side, while the Pedersen current diverging to the poleward at the evening side



Current in the case 
of no Hall effect

Current additionally 
excited by the Hall effect
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Pedersen current, which converging into the 



Discussion

Existing models for low- and mid- latitude  Pi 2

Cavity resonance, BBF driven

These models cannot explain east-west polarization. 
There has been no report that one of the nodes of the cavity mode 
resonance is located around dawn sector.

Since D-component Pi 2s are induced by an oscillating pair of 
FACs around the midnight, phase change around the dawn 
terminator is not expected.

plasmapause

impulsive 
compressional disturbance

periodic BBF 
breaking

periodic fast wave 

Cavity resonance BBF driven



SCW oscillations

Since D-component Pi 2s are induced by an oscillating pair of 
FACs around the midnight, phase change around the dawn 
terminator is not expected.

Existing models is not the case.

7960 LESTER ET AL: PI 2 POLARIZATION PATTERNS AND THE SUBSTORM CURRENT WEDGE 
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Fig. 2. The upper panel shows schematically the model of the 
substorm current wedge which is used to position the stations 
relative to the center of the substorm wedge. The bottom panel 
(right) shows an equivalent current system and model parameters. 
The bottom panel (left) summarizes the calculated sense and magni- 
tude of the mid-latitude magnetic bay expected after substorm onset 
[from Clauer and McPherron, 1974a]. 

Clauer and McPherron, 1974a] have shown that it accurately 
describes mid-latitude bay variations. The mid-latitude sig- 
nature of this wedge is a positive perturbation in the north- 
south magnetic component symmetric about the central 
meridian of the current system and a perturbation in the east- 
west magnetic component that is positive to the west and 
negative to the east of the central meridian. 

Figure 3 shows schematically the field-aligned and iono- 
spheric legs of the substorm current wedge and the magnetic 
variations caused by the two field-aligned currents. The 

field-aligned currents will, ideally, only affect the horizontal 
magnetic components at mid-latitudes. If the Pi 2 pulsation is 
directly associated with the substorm current system, then it 
will have the predicted polarization pattern across the cur- 
rent wedge shown in Figure 3. This pattern can be tested by 
using events where the center of the current wedge, located 
by the bay current system, is between the two longitudinal 
extremes of the magnetometer chain. 

In order to quantify the bay structure for each Pi 2 event 
we measured both the H and D values at the five northern 
stations at the start of the Pi 2 pulsation and at a time when 
no more wave activity was observed. We defined the differ- 
ence between the two values as AH and zXD. The time 
difference was typically between 10 and 15 minutes. The 
central meridian is where zXD = 0. The H perturbation 
provides a consistency check, i.e., AH should be positive 
and maximize near the location of zXD = 0. Of the original 40 
events, 32 had such a bay structure, and for 16 of these 32 
the location of zXD = 0 was between the NEW and SUB 
meridians. 

The longitude of Z•D = 0 was calculated by assuming a 
linear change in ZXD between the two stations on either side 
of zXD = 0. Each station was located in longitude, relative to 
the meridian where zXD = 0, by calculating the longitude 
difference: Along. Along was positive (negative) if the station 
was to the east (west) of the zXD = 0 longitude. 

4. EXAMPLES OF PI 2 PULSATIONS AND THE 
SUBSWORM CURRENT SYSTEM 

Before discussing the results of all 16 events statistically, 
two events are used to illustrate the analysis procedure. Pi 2 
polarization parameters were determined both by plotting 
hodograms and by using spectral analysis techniques. Power 
spectra were computed for each field component at each 
station. The peak frequency in the range 5-25 mHz (200-40 
s) was measured in the H and D components at each station. 
The dominant frequency at a majority of stations in each 
magnetic component was chosen as the overall dominant 
frequency. Polarization parameters of the Pi 2 pulsation, 
percent polarization, ellipticity, and azimuth were measured 
at the dominant frequency by using standard spectral analy- 
sis methods [see, e.g., Arthur et al., 1976]. The azimuth, or 
orientation of the major axis, is positive (negative) in the 
northeast (northwest) quadrant. The ellipticity is 0 when 
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Fig. 3. A schematic view of the ionospheric and field-aligned portions of the substorm current wedge model shown 

in Figure 2. Also shown are the predicted Pi 2 polarization azimuths at mid-latitudes within the two extreme meridians 
of the current system if the Pi 2 is a result of the oscillation of such a current system. 

[Lester et al., 1983]



Pi 2 current system

The results imply the existence of global current system for Pi 
2 pulsations similar to the current systems for DP 2 [Kikuchi 
et al., 1996] or Pc 5 [Motoba et al., 2002]. We will verify the 
current system in the future study.

magnetic equator

dawn

magnetic perturbation 
caused by SCW

dusk
FACs of SCW

magnetic perturbation
caused by meridional current

magnetic perturbation 
caused by equatorial ciurrent 



New conceptual model
Connection between SCW and meridional ionospheric current
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Because the magnetic perturbation due to the 
FAC cancel out the magnetic perturbation 
due to the meridional ionospheric current, the 
position where both perturbations are 
comparable behaves like a node. 



Theoretical interpretation

Connection of secondary Hall current among 
auroral, terminator and equatorial region

(Global Cowling Channel [Yoshikawa et al., 2013])

magnetic equator

dawn
FAC of SCW

primary Hall current
primary Pedersen current

Auroral Cowling

Terminator
 Cowling

Equatrial Cowling 

secondary 
Hall current

dawn
FAC of SCW



Conclusion

• Connection between northern and southern convection causes penetration of Hall current 
from polar to equatorial ionosphere that induces Hall polarization charge and resultant 
Cowling current flows along the dip-equator .

• The Hall current flows along the convection cell closed in each hemisphere induces positive 
polarization charge at the dawn-dusk conductivity terminators, which drive the equatorward 
Cowling current along dawn-side terminator and poleward Cowing current along dusk-side 
terminator. (in totally poleward dusk-side Cowling current seems to cancel out by the equatorward 
primary Hall current )

• The EEJ is mainly sustained by the converging Hall current 
into the dip-equator at the morning side, and diverging 
Pedersen current at the evening side

Thus, the auroral and equatorial ionosphere are connected 
by the global Cowling channel
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今後の展開

• 全球構造、季節依存性

• ＦＭ−ＣＷレーダー、赤道Muレーダー、
SuperDARNレーダーとの連携

• ダイナモ領域～Ｄ領域で稼働可能な　　　
3D-強磁場・弱電離気体系シミュレータの
開発


