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Study of the substorm: Part 2: Development of magnetosphere-ionosphere
convection to the substorm
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Abstract: 1t has been believed that the substorm is a manifestation of extraordinary
plasma processes in the magnetosphere, such as instability, anomalous resistivity, and
reconnection. In this paper, we show that this belief is a misleading concept and that the
substorm must be understood as the development and transition of the convection system.
Major observed signatures of the substorm have all become reproducible by the recent
magnetosphere-ionosphere (M-I) coupling simulation. In order to understand the substorm
as a change in convection system, we first study from these numerical solutions the energy
conversion driving the convection and field-aligned current (FAC), namely the formation
process of the dynamo. The dynamos for the region 1 and region 2 FACs are formed in the
cusp-mantle region and inside the plasma sheet, respectively, and are driven by the
expanding slow mode. These structures are unchanged even in the substorm case. The
substorm onset is attributed to the phase space transition in the convection system, caused
by a change in force balance in the plasma sheet. This process results in the formation of
high-pressure region in the inner magnetosphere and an accompanying rapid increase in
the region 2 FAC to cause the onset.
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COWHEIE I MOBET, ¥ TAP—L A DAL TNEIEST 5 720K,
SN DV T DM 2GR 2 FARIC L CTH S, HE 1T, 7 A b—20OBBEN % A2
T, ZOBLEEZDLEEOFEOEMIIOVWTHRN, 20X BEMNTY 7R F—24
HEDEIHZ DOV THEER L. HE2M T, DEOBEANC LA TH T A
F—ARBRT A ERZHMET S, 2TV HFEOFERI LI, & T AR,
NONTG VA, ZAVF—ORFICTER V. L2 LY T7TA =205 1384 SNZHA
ZH DT, 20 WAHAOFED X H 1T, BARITERIHHEL THET 5 L w) BETIEAT
5 CTd%. M-I (magnetosphere-ionosphere: 5 E - BHERE) #ioR Tk, MEEMOFEL
FIRB OM BN ERB O A EEAR, KA - HEOBKRE R MET 5. R T,
YIalb—Ya Y CHEMEEN L CONMOLEH 2 HIL, TOMEEL LIF5Z LI
LoT, HTAM—22FEBTLILEDOST. ZOLHIE, EEOBRBLIIELZOEL
BEbETREVEAEEZFD, LIRS TRRBZ D2V, ZoT77uo—FiF, &
HEMARE O BT RRIC 2 - 72 21 ORI L W R 5.

BIMTHRRIZEHIC, ¥ 7R —2@GETHOI, BHETOL —1 7 OWERILEE
TARDFE (AT & L Tlidk3Nhb. ENILIMF (interplanctary magnetic field: 2X52
WIZe i) DS b - 721212, B2 iGH) (200nT 2 O MBS EE), quiet
arc, 7 —7N VDK% &) %78 T growth phase (R EA) 2 #C, MBI RIGEIZE S (Akasofu,
1964). BIMIHEEOBIGIEY 7 A F—2aF vty P EMZNR, BARICBT 2 R HERERS
ERMEND. ZORWBEAHIS, T A N — A IBE W B S iR E e R
ThHY, RRKORMBRMETH 5. BHEHTIE, T oy MIALA 7y 7 2 (ki
BL x)FloERAEDEO FTEHUER) OB A (Kamide ef al., 1996), Pi2 (RHLHIE
WA RE)) DFEE, KK positive bay (BES K-S H OFELH 7340 & LTl S
Nh. vty bt —usz@8RdsL, ZORNREEORAM (discrete arc (B 5\ —
FyRA—1T), WIS WHIEMT 29 —2) OREREY) 205, TS Fk% M
BAEAELTVLIZENLTWER) OPFHA»D L., ZORED 72 b—241
MHD (magnetohydrodynamics: FREILATIF) OWNTH D" L) XIHI R A—-TVIZO%
3% (Lui, 1996).

BHEECTOF T A b — AEBNIHNIST 2R EME Y, EROBFEZ NS Z LA,
TAM—=LOMHTH A (Lui, 2001; Akasofu, 2004). 7 & b — AIZHHIET % BEA P2 E)
DERIIBEAR & L Ti&, growth phase @75 X< ¥ — b thinning (growth phase D HHI2 75
AR Y= IR o TG, *+ vy MO (HIEHLEL Y ) @ dipolarization (A
WT1t) & D-deflection (D s OfE) 2k bWiFE TH S (Honesetal., 1984). LA L7
5, FNHIZOBRDVLEABEOEMEEE I IBESITHMAH I LIXTE RV, BRBIEZFDOLEf)s



110 FH A B

RZB0on, 72 F—LMEORKONETHS. FFIZERD P L —AIREETH S
WHEDHLHT, Bl LIE N L —ATE R, BREO2FIEE (Dungey M, CW (current
wedge), Bostrom Eift, MOEREMR % L) 3L OLEHETHY, H— v —rThirh
T\ % (Dungey, 1961; Bostrom, 1964; McPherron et al., 1973; Vasyliunas, 1970). Dungey X it
DH— by =22, BERECTHNINEY T A =228 %EiE, NENL (near earth
neutral line: %I EPE X= —20Re B Y THET HZEEFTHMUR) 2R ZTHWLO0H TR

F—AT®H% (Baker et al, 1996), &\29) &9 REERMEMICELDIFURKRTHS. ML &
)7, OIS EEEFHIT L L V)RR OY T A b —AEF VI, BRYIKE T
H 5D (Lui, 1996). Thid+ >ty PORBOMENREMMD arc TH B &9 Hh b,
MHD DO UENERELE O RFTIA R E & LTHREL, HREYY 34X 7 Y a T oRHE
WCEBEEZD. ZOXIBREFVIE, FTA =227 0 =NV RO 3T
Wb oTVbbIFTEhwnEw) FHICK 2 EEbNs. Bl LHIET S ET IV,
o T (RERMTELICH v ML) @RedEfids, Lw) 7oA THED 7o T
WBHEZAIBRADRDHS. INSOEFIVTIE, BEEEIZIZIZOUZL (ZEME) THY,
ZFITHPND M1 EBRRZRTIE, 720 TOORA, HTDONS VAR 3V F— 5D, W%
BT Z 5N TWwWi\v (Stern, 1983).

WIEOWH Y I 2 L—a VICLAM%8T, ke, IREllzmss Lo IcHCEE )
HWICHBETIE, Y7 AP —20MEIEL > L HAREKRCTHAETE LI L bhr o7z
(Tanaka et al., 2010). T HDREICBNT, 2L FHH I AT LA TH S, Mifild FAC &
FMTHY, RKOFERE & ZELFIREIZ FAC OFJETd 5 (lijima, 2000; Cowley, 2000; Siscoe
et al., 2000). F7- FAC O IZFEIEC, TANVFE—25225 4 FEORKETHY, &
MOBMENOEREFRT L7 —DRAETHE. ZOI LIV FEEHMETLZ 21T
VX —EWE RSS2 L THD (Tanaka, 2007). M-1FEARTIE, BORFHBILEREET
HY, F—uFRMWHALEIZOWROINTH L. IS DOHGRT AN F—DRITIEKR
B RO EE) T AL F— 12V eV, LedSo T, SIS ANV T L A7 A TH
D, KEBROEE)TAH N F =75, WOPDEMERTEBZANT— (KL vT1 077
Ty 7 A) ICEHS N, FAC & L CHMEICIEINLIULENH L. Tk & FAC DEHE
BE~oHEHE, Y7 —0RETHL. Z0LIIC, HEEETHDL MIKEERIS, F14F
TEYT—FRORPICHBT I ERERT L EFMEDOTLE RS, MRS LTz
BHICH T A P =2 %2EHT 51213, YIalb—2a v OZMREELZIRY 2 @moTwL
CEPRETHY, FRICIoTH T A b—2413 SHEOBEELH & LTHHASRS.

$FitiE%  OBRFROFMLRFHEGRTH Y, HICEELEREPH LD TE RV, EELO
ZZERHE S E DAV F LR TH D, LA oT, FTA =2 F—L b EHEL
FMBEREIN TS L W) BT, TIEOFIIIBZL2L-->TLES. B2 HO
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CETHHD, AHOLAINEF—LRIZBNTIE, HONT VAL TRV EF—RLEDIR Y 57
DT ENUHTH L., TNODONFFEANZ LT, MIWHZ (Y321 —3327T)
THTIUEL TR =23 Z20LE & 2485 (REER) & L THRICHET S (Tanaka
etal.,2010).

2. MHD ®OI A )b ¥ —Z i
FFEMINFED ) bo, BEHBENHEEZEZ TAL. TREEBHEERT VY v b pllon
<
V2Ve=]i (1)
LRt S, AN S 5 121E FAC AETE L, EEEREICIA TR ICER T AV F 28
HRENTVDBIENRRBETHLERENTVWDS S IIBLUZEET VIV, Ji1d FAC).
COIANE =D KBROEE T AV F—TH 5133 2D T, FAC D5AET 5121,
WERBO LI Hh T ANVF—EWAITbN, FACZIET 554 FEIBHEN L Z &Y
WETHDH., ¥4 FEIX

0 BZ%_ (ExB

JE=—§bm - ko )

LRk Eh, KA T4 Y7759 7 AOFHERS (B: #Y). BAENIZIE, ¥4 FE0
S ENLZ TV T 2 v #ETHY, BHIRETIIFACIIR S, WRETS A<, 7TV7 =
YEOWICDH HEHEERTES NS, B E X

E=—vxB 3)
THHDT, IEFoTVAHRAETIEIY A FEIBEEINLV. BABEISTREH Y, 54
FEDEKE N, FAC 23584 L, HEEENEIFAT S I LiE—2Dty Ml 5. J-
ElX—hT

]-E=%(%pv2+u)+ V'[(%pv2+u> v+Pv] (4)

THHDT, FA4AFENHRINLICE, BHZALF—PHNFZALF—PRNAT S,
FThDbOLERE LTIZAVE D RAEEINLZ ENULETH L (p: B, v HFE, w: WEE
IANVF—, PEI). FRZ MVEHELTIONTG Y AR EET D L

]’EZ(]XB)'UZ(D%-FVP)-IJ (5)
EBRDBDOT, ¥4 FEELERERBIIOMLFENAICRLIE (EBb—) THhYH, FERICEEDD
LLREHDT M43 (Bv+dH LLIZEp+) THAHI W bhb. $hbb, ¥4F+ED
WRIETINTG  ADOYERRPFAEL, TANT—=2EH|EIN5.

K12, YIal—varvilioTRoohsz, X 5 oho=>o0tt:FH0O54 %R,
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1 JiY AT AOIANVF LM E -y (FT), M) (EL), B (L), B (ET)
BT AP FREN TS, PGP TFFM, FRO29REIT, 7 A b— 203 KHOk
FARENTVD., T X M—A1%, B S, #HE 360km/sec, IMF By 3.5nT, IMF Bz 4.5nT
DRBEIKS L CHEE i RIE T db o 72 RER IS BT, IMF Bz 3 —4.5nT IS8 b L 7= RICF4E L
7250, T4 FBIIEENDTT BMAHEPROBICH2D. TNTOFA FBIIEINT & > TR
BEhsbZedbhsb, FNoOMENIC L 24003, BB Lsh, ¥4 FE2BE352
LidewnwzEtbbhsb.

Fig. 1. Energy conversion in the convection system during the expansion phase. In each panel, the upper half
shows the noon-midnight meridian plane and the lower half shows the equatorial plane. Ev, Eb, and Ep
are works done by the flow motional energy, electromagnetic energy, and thermal energy. The energy
sources (drivers) are shown by + and energy receivers (acquirers) are shown by —. Remarkable energy
conversions occur not only in the dayside but also in the plasma sheet. The lower right panel shows anti-
sunward flow.

ZOOMHEOGA D L I ANF —BROMREIZ—HEALE 25, K 1ITRENTW S
71X, IMF YR & C, BB ASEEIIIGI 2 MM (47 & b — A expansion phase (Fi
KH)) ObOTHSH. A TET 7 A b— AREOTEH R L =4V F — 24 % 18I
T50T, STTIRHIMEAFLMEDL ZZVE T TWbAEVD, ZTROEOMEIFIS SITH
MECTdH A (Tanaka, 1999). IME 25L& O & & TH, FHERL T AV F—LHIIFTVAS, ¥ o
TR, HI1T, F9NYTay 71 ZANVF e /DL, 2 2 TIEREEDH
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Magnetopause

Poynting

B2 RAYT42T7779 7 ADEROFS 728, CORTEYT A MY =207 7 X< hE L
T, RAVYTA VT TT9 7 AEREHT 5L 1IN TNS 05, I 226bhbEHC, ¥
APV =ATTAREHRNE SN, WEINDLZ L. Thabb, HEBOENIE
TANY—=AT T AIOMEIEEE G2 51T LTS B
Fig. 2. Traditional understanding for Poynting flux generation at the magnetopause. Poynting flux is generated
through solar wind flow deceleration caused by tangential stress exerted by the open field lines. Inside
the plasma sheet, flow is accelerated by the convergence of Poynting flux. Poynting flux is again
generated inside the plasma sheet through flow braking to supply the FAC to the ionosphere.

HL, 5252 (Evt). ZOZANF—0L ZMAEENICERS N (Bp-), £40°
BRI ANF—ICEWmEINDE (Bb-). ThEY—ADEET S X~ & EM#ES O ERI T
IBLTHEY, 3HMDO/SRVIET 3 v 2 (fast shock) DA H = AL FWAHICEKI L TwDH T L
Bbhd, w74k by —=ATRENIMESE L (Bp+), HHEHoOMLHEI IR S (Bv-). &
NEY 7Y — 7 —HBROEEN T T A= % FORBHEMEL, <7 % b ¥ — AT TR
TWATAET S LIHIET B, LA TR 7 A by —=ATONHE, MRANRLOTH
HEWZ A, RIA DN Y=ARIE—HMET, 7% by — AFAEE) T AL F— &
L (Bv+), 7% ¥y —RAMUBHBHEOBEDIHIHLTTFANVEZRET S, LWnH I
Eidw., TN, A RN ARAHZANVF—=DHEANTVWAHEBTHLI LIZLS.
S-M (KFmJa| - RE5PE) A5 ATk 3 A1) 2 A (Hamrin et al., 2012) Tl&, BEEREA~
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DIANF—HAEIARATUEDOR 7 4 P R—ATRE, ThPHBRBEOREE SN TE
7z (H2). TNODBROIEE LV 4 PR-XOMEE LT, 74 FF—
A% & Dz MR BT Tl % rotational discontinuity (Lee and Roederer, 1982),
B O E LT S5 slow mode expansion fan (Siscoe and Sanchez, 1987) 7 &HMAHE
ENTVE, ZOLHBRETIVTIE, B a4 T a Y TRAETLMESIENTY 7 4
b Y= AHITHED, ZOHEMA NV ADT Y VT - E<0 O KB EREIR) %’
WL, RA YT 4277y 7 AeBAENICITERT2LE2 00 Tw5 (Ev+Eb—).
WREHNTIEIZORL, VT4 775y 7 2% HE L THRPHFSND LRI LTw
5. £7:3-E<0 %) ERIE, 74 P Y- RAMBGERICK 2EMBEIREMESI NS, L
A L PRSP @ Chapman-Ferraro Bt & LB (2 OFCTIE grad P current DFEIRTH W
%) HOT, BBAETINFEITEHEERICEDLDIEIAHRTHS . K1 bbhb
£91Z, %74 b Y= A TOREEIE—HRMETHEL R, v Mvoy A 'R, D
TWRT LI ZRlo7Ta A THpE S NS, KB TIZHEE) T A )V F—2E IR E .
ZORBE LT, NI ¥ay 7BEHOIT A P T—ATHE, BT ANVF—PEEMIIKE L
%h. M2 THEHIPNTVE LS %, 7% MY —ATEBIVHRMIEELS5 25T €%
BT 5, L) I LideI sk,

3. W EEHET 2 54 FEDK

B 1D4KDNNANNS, ¥ay 7 ONFESHEICHERETE 0 LRI, BAERO
NFELHMEICHTE L. BHRAREO T AV F -2 T, <7 & bR— X TR O
k)] (J-E>0) 37 I A %L AM#E L (Bv—), HEZT I A< ZEHML, HATO
Eh%EDS (Ep-). BMEOEEL BEOY AT I XAIHHBEAENICRBATLI L
THDHN, BRENCE->TINDPELITHE > T0b. BREINIMEICLHFLELTw5

L MEEI NI A A TIZENET LRI L —F v 7 &L (Ev+), I X 5
B RE SRR S Z 8w, TL—F 7w, O A VT =13 AT
KO T A M R=ZALTT CIENICEE S (Ep—), Dungey XA b FHENS X912
AR A EERICRNZ RS 5, 374D 5 Eb+Ev-A2RIEAL E W) L)1
137 > T\, Dungey WD A4 A =1, BHI< 7 A P R—=ZX LD T WFHETL»
WY T (B1AT).

X1 TlE, HATOBEEME <Y MU Tregion 1 FACDF A4 FE (J-E<0) DK S
TV 5 (Tanaka, 1995, 2000). 4 HLD/S R VDI S, FHIEH A TICEBESNZET
ko THREI SN D (Ep+) S &Wbndb. Ldo>TH A FEEBRIIBLERT, 20
Z A FEIZL > Tregion | FACHIIREND. FAFENLRAL VT4 VT T T 97 AHWFE
ByazZ iz, M2 AMTHL. ZHETLV T R4 FELBHEOMZ Y~ 2
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TAHIETHY, FEHEWITIET VT = Y EOWFHOWEMEEIRA, W E 77 A~ 2
% (Kan and Sun, 1996). K312, TOXI LTV T 2 Y EOEFNVERT. ZHEEFIR
RETIEMEBIC FAC Z BT 2 VW) XD ICHMTE L. M3N6THENDL I, ¥
AFEB/BIHE TV T = VRISHED FAC OEFEICIE, V7 =234 35, —#kicrya—
R FAC IS ZEMOPTEZ RS TR AELRVWEWVW) T ETH Y, HFITEBEFEXZ T T
Bt onaw, ZoMICELTRBETEZFLLLHIT S
E1TIZI-E<0&%25 4 FERBMAMILERT, FAC ITMRENOBILER LG
T52LICHBDT, 77 AXHEHBOEME LIITHRIEIFETE 2. ThETDONT »

Cusp dynamo

Evening
Morning Inertial
current
~ at the
Alfven
wave
front
V Auroral
<% oval
Auroral
oval

B3 7V7 =z EOWRFITHN L MEUERL. 7V 7 2 PPy 4 FTHRT
A Eh, AT ELBHBOMENY Y ATHEEZLRTWD
Fig. 3. Inertial current at the wave front of the Alfven wave emitted from the dynamo
through mode conversion from the slow mode to the Alfven mode. This inertial
current accelerates magnetospheric plasma convection. Wave is bouncing
between the dynamo and the ionosphere.



116 FH A B

ADSEE, B EEIEEIOH ) EVEERL, ZONDONT Y AEEETL L,
FAFEBICFAZ AN T =D O BB ANV T —~NOEHEPPE) T L12h 5. FACIZE ST,
TAFEPORBELIZRA VT4 0775y 7 A EEFEIER S 1, AR (Weimer
1995; Heppner and Maynard, 1987; Ruohoniemi and Greenwald, 1996) 7% FAC I & » CTHEFF s 1L
5.

{EREIIFEIR D X 912, WD braking (FIH) X 2EH AN F—RIDBHEA > 714 >~
775y 7 AMBORKTH S, LEVIAATHSE L, w54 FEREOKSIEI—RE
BICRZL2d L. AL, WETANVF-IHEINL A FE2E 2 5L, ik
ST AR F =B E D) OIZLRI EFFTE L. dHRIIERTH 20T, L2 HFERMT,
EIHRIMETH LN EEHRTHI LI TERVY, TORDMFIE, (i) BB (i)
HAT - MV (i) a—7 (iv) 79X —F7T, (iv) BHE (i) XRES. KB
PicRAE, (i) 226 (i) &, (iv) 5 (1) EESEM» SEREMICE P, 2 05K
A TFEDPRENLDENVEERL. K126, ¥4 FEEBRT 20 ) —
DOYFEUL, R VZER D HIE VBRI T EDXHIHZ A, K (i) 756 (i) &,
(i) 205 (iv) Z8#M J-E>0) THY, KA VT4 07779 7 ADPWNADPLEL
5.

BT BB O A RS & o TR 2SR AT 2%, M TR O E KIS X - TR
BRI B, KW TORENIIERT AV F— 2N AL F— 1L BT 5. P
CWVzIE, BERNCE BT IARDIEMTHL. TIAY— rOoFE#HHD, T ICHNET
ANF—IZERINTLIE Y, BESAFEZRITL2 L1350, (i) 25 (iv) oxf
METTIAT Y= MNOWGEE, KA VT4 0T T7T79 7 ADIPNATHY), TITATY—
FOENERICEG TS BREOY 4+, (B0) BRERBOL K EHTIESR,
region 2 FAC ZER#)3 5% (K1). TOFAFELHAAT DY A FELFBRIC, FEJIMEEERER
MTEE SN, NWHZAVF—DEBHELANVF I8 EIND (K1 TEp+Eb-).

4. RA VT4 v T T5y 7 ALERR

SR EMEFET DR VT4 VT T Ty 7 ADFHB PN ALZ, EiitREEET HLEDN
HoH. I, KA VT4 VT 7Ty 7 AEA—OEGRRTHEIEN TR TI - E<0D
W TIREL, J-E>0 DT TINRATAEW) —RANCE D, ZoBM»rORE, W
AN F—ICHRBI SN D 54 F X, CNETHELAMSON TS I K720 HiOBAEE
AR E XKEET S, BY5 35 EHRIE, Chapman-Ferraro B, 7 A V7 — ¥ &iit, region
1 FAC, region 2 FAC DIUDTH 5. RiZ2ODEMLD T A FEIE, (i) #AT-<¥ b h
5 (iii) B—7 0N (M4), mED—2DF L FEI, (iv) I —b»5 (i)
BEHEAE OB TH S (K5, M6). MEMREEHEST 2120F, AAT - PVvoy
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4 J-EAOYET (F) LIEOHHT (k) ROEN & SEmnm ReB). —RIS KA V74775
7 A&, J-ERAOWICTHREL, OB L BRTHIINZ T - ERAOEIITINATS. M1
WERDEXICEDO L) ML 7 > T\ b, Chapman-Ferraro FEift, 71 V7 — % Fifi, region 1
FAC B3 RTZ DG Z ML Twa.

Fig. 4. J * E in the noon-midnight meridian plane shown by color shading, and 3D current lines shown by red
and black lines. These results are obtained for the expansion phase. Three kinds of current lines are seen
in this figure, the Chapman-Ferraro current (ved), the tail theta current (red) and the region 1 FAC (black).
The Chapman-Ferraro current, which defines the magnetopause, is connected to the outermost layer of
high-latitude cusp-mantle dynamo. The tail theta current and region 1 FAC are connected to the middle
and innermost layers, respectively.

AFERF—LHR50, ZITEL IV UIEMAMEPLEL %5, M4 1IEH =208
RETE (BT7—) PRLTHDBH, Rrobhrd i, #ATLL< Y MUIIHITFT
W SN2 5 A FEOFEBUTIL, 3EOERIHFIET 5. JMUZA S, Chapman-Ferraro I,
T A NVT— ¥ &K, region 1 FAC Th 5.

£ 1 ® Chapman-Ferraro FEFITRKBEICIHE LTV T, Y74 MR- %2 EHKT 5. X
P T, Chapman-Ferraro Bt I BRI > THERT v v VTR, J-E=0TiE% <
%%, ZOBFIHD-T, JEODHBET 2bEY Y MVTHRA Y TA YT T Ty 7 A
DHERL, J-E>0DHMT bLBM< 7 A PR—X TR Y74 777 v 7 A
A$ 5. Chapman-Ferraro fEiiIZ, HAT - Y MARSEM< 7 A N E—INFEL V74
YIT7Tv I ARER THIZEoT, BIEDOHNATNHRAT AL WRICT S, S0ik
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Plasma regimes and partial ring current

Pressure contour
meridian planeN ,

'$\\Panblﬂng
current

0.01 yA/m2 —0.01 yA/m2
0.0 nPa 1.5 nPa

5 YIal—¥a ryCTHBENZESREROME. &7 -SSP o)), R kot
13 FAC %Z/R9. region 2 FAC 2SI HAEM S NEHETF L LR 5.
Fig. 5. Pressure in the noon-midnight meridian plane shown by color contours, the FAC at 3 Re shown by
color shading, and 3D current lines shown by white lines. These results are obtained for the substorm
expansion phase. White lines exhibit the configuration of diamagnetic partial ring current.

ZE, KEEEOIIBEE RS E D Dungey R D £ 9 &L, 2 XA 7ICoABEH ST
V)T LI D. XTADPNY—ATETo L Ev-ThH D, mAIMES AT S, L
2o T, X7 4A M —R@AWHEEINT (Ev+) EOfEH Chaman-Ferraro FEHIZ J - E<0
EH T 5 E 9 T & TidZ . Chapman-Ferraro B il Hl L TREAE % & 2 HISICH ©
ADTVWDLDIE, X7 AN —ZAOFENE R L. ENPHEABEEZTERT 5 L v ) DR
ETHRABETHH LT, AT Chapman-Ferraro B i S U EMERIRICE D S L w
I EIITEZBLEI B

2 DEMIETANT —FEHRT, THIIHRKBENBIZHY, ZTAVF—2h AT -7
VPO T IRy — MIESR. Thbb, 7AVT—FEIRIE, AAT - PvpsT
FAIV—=PMNIFRA Y TA YT T I I AR, CORL YT AT T Ty 7 ZADPRNNAI
XY, WEOT—=ThLHEEDT T ATV — b, LLTEIHIC IHERT 7 X~ v —
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Vasyliunas’s relation

tz

(JeE<0)

VeJ, -—=-
=2VB/B%(VPxB)<0 J,

—

(diamagnetic current)

X 6 HOBEROIINT AL DT =M J1NT ¥ A1 Vasyliunas O BIfR%
W7zl Twa.
Fig. 6. Force balance associated with the formation of the partial ring current, and
the flow shear corresponding to the region 2 FAC. This force balance is
equivalent to the Vasyliunas's relation.

MO RATREE 25, ZOMR, TIAIY— T I-E>0THb. TIATY— |
TJI-E>0 &% 58RI, EHEEICHES > TRADPHFAETLENVWITLET, TIATT—
N HERSG I E ) % 7200 BAUERICRIE 5.

HAT - bV T—FNMD 5 4 FERE) region 1 FAC TH ), FPERKR D BRI S -
T, EHEE R MRS 57200 AV F —, §T4b Db region | FAC 23E &N 5. region
IFACIRA AT -3V bR SEMBICRA V74 v 77Ty 7 A%@ER. —F, (iv) 7
FAZY =06 (1) BHBEKBEORN TH# S5 region 2 FAC 1X, I A< — M
LEMEICRA VT4 v ST Ty 7 ARER, INOSOFACISHRIINRAL V74 VT T
T v 7 AL, BHEOMNREHERTS. DEERAET AL, TAVF -0, KiEE—~
W=y PV —Bl< 7 A M R—=ZX—>H AT - W< Y b b= region 1 FAC - 74 V7 — ¥ it
=7 T A< Y — > NEMESE — region 2 FAC & 72 5.

TIAIY—bDI-E>01, REZEzZ5E, REIBEETIHMABRNINT I A3 %
JEAE L, 79X Y — MHIRmICENEZBE T A2 L2k s, ZOEMSNIZT I AR
N, 75 A= — IR T region 2 ¥4 FEZET S BOBREROTEK). K51
TR b= ARMHO L &0, BEREETFFHNOLET (77 —3 % —) & region 2
FAC Z/RLTWAYS, ZORDSFENHEBOIIK & region 2 FAC O H O & 9 #EE7EH X
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CROND. JENFOR Y25 5 HWALER O — 725, BRI > THRIGO grad DH 5
EZHTFACICHMEIN T WD, ERMEILT SICHIBRERT, ZIEM6 IZRT
Vasyliunas {C & > TEIPNZETNVZDLDOTH Y, JJFEEMIZTIELWEEE 2o TV,
CDENTHEE R TEZ, Y32l —Ta Y THEMICHRINLZ b h» 5 (K
5. M1 Thbr»rzd ki, BAENIE—HEETL (bursty bulk flow: BBF & IFIEN %)
(Angelopoulos et al., 1992) 123 % 5% (Ev—), T d flow braking THRIEIITEIB I 1
% (Ev+Ep—). WEIH»F A4 FEZWET L Lidh v, DL X9 I FAC OEREIE,
BHHEMGFE LT, #ATRT I A<y — MEGIIENZERML, TS TIZERS
expanding slow mode DK ETH 4 FEZFhE L (Ep+Eb—), FAC ZEHEENZH LiAT. L
PLAENS, TNOOENEILZRE > T2 bIF Tk, M TGS, M 3w
T5, IR TH 5.

5. TIRTOMEREY T —

INF TN L SIS, KR OEB T AV F =337 ¥ 3 v 7 TEFENICER IR,
F o EIERAT AN F—ICER SN, AATTIND SHITENICER SN, REWIIE
DHTAFEZRBIL, ZhICX > THEBR SRS FAC 25BHERENH (Weimer, 1995; Heppner
and Maynard, 1987; Ruohoniemi and Greenwald, 1996) % BRE) L, XA T 5. 72721,
WERBEOMENIEME— FEELOT, TRTOEMEN RIS SN DI Tk v, 3
RO Z TR E R S &, WHIRIC L o CRIENTRAIIBHL, —HL T
WCR-TL B A NG. EHEETIIENICHRALIIEERNTH Y, BT 2. —K7
7 A=, BHTHES QAR E —/@ I AT, R TRKRBEAINSR S h, 3T
B LTRIZES DI TiERw. ot 79 Ax0—/R Loz BfEs 512
W, B TATIRE B 2 2L EDP 5. 71, S-MBEHTONRENE T I A0k, %
NPT TH 2 DEERTH L2052 XF L72bDTH L. KR TR 5ea % st
THAHN (M7 TE B %), F#SEICHoTT 7 APHREICIM)ATh, <74
FR=ZIZED DL LA L, VP TIMESIWHTRIEDLS (B). ZhEM1AT
DM 7 PR =X TOEERICKHIET S, BHAA—LTRER-TLH2bDb¥E T
v (D). 79 XA~<id squeeze (Haerendel, 2011) ZfE-> TEHICHEL, WA TICEHES
N5, ZOMFEIL slow mode DEETH 0, WHHFATIHAHILT S (Nakamizo and Tijima,
2003). ZOWNABLEOBEMICH > TRER (X2 7) AL, 54 FEZ2BTLE
ERAEBE T2 (®). KIZT—TIZAS ERERGTATRAEEL (©), 77 A<
TSI E N5, Z OffiEl expanding slow mode Td 1), W AT DT L & b I1TH
BEEROWNNA LT 5. B HATmRORRI#ES L 79 Ao Tchdbh, 79X
REBTTU—TZMWEICL, #ATEa—TORIZFEIENAEMMHERS N, ENICL-T
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red curve: perp. to B
blue curve: para. to B

7 BEEABE OIS (FE) Lt GRE, AE). VMO GRS LR AEs GR) 2,
AT (F) hERT. AT IS TR RIAABSIEZ R L Tw5. 7 A TN TIIRSE
AL, ¥4 FEEAEHEY . 0= 7 CTEHOBE TR L, 79 A~ 2 /BHHIZiHh -
T EE, B—7OMWLEEZMHFFL TS, TROORNBGIZE o> TIEIIEDSHEFES L, EHIT
BT A T ENEREE S NS,

Fig. 7. Pressure distribution in the noon-midnight meridian plane (colored contours) and flow lines (S. Fujita,
private communication). Line color shows the degree of perpendicular velocity. Parallel flow is
accelerated toward the cusp. This flow sustains the high pressure inside the cusp. Entering the cusp,
this flow changes to perpendicular flow and drives the dynamo. In the mantle region, flow changes to
parallel again, to drain plasma along the magnetic field. This flow structure steadily maintains pressure
difference between the cusp and the lobe.

BB SN2 EHN T A TERZTREE T 5. fiRe LT, @HETHIIITRS X i’
FEHEINL, T, BHEERONNAEITROMBY ML, @FNLBT AL F—
DEREAT . WESHORMICHENLEIRIE, 4 FEEBRTHS. ¥4 FEE/RIEI~ T %
FR=ZZi o T, ART -= ¥ PVEBEZRE (-Y ) (2R, REEIZE oWz s
AT, region ] FAC ICH &NAD. S 2I2iZu—7¢E 75 A v — bOBRICIH- 72V 7 —
BHY, TOYT—=I2L o5 Tslowmode 57 IV T = ¥V E— FANDE— LRI 5T
5EHFEHTEL. CNIES>THIDOT VT = Y EREEDIRET 5.

Dok )iz, HENICHCEE ) AL EEZLHI2E, F14FEDORELE LI,
M-IFEERTIAFACIE Y 7T — DAL — K TH 5, L I REEPEH SN LTI R S 2w,
VT —3ELOEMEFMTH Y, B CEMOM) 2ERT LS. RO —REIIRE E
ATCHDE, WRIFIGFRTH 2O T, KKEIME I D D KGN REN D L. LizdsT
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THEDHOET M, RIIZY T —HARESINDIETTHS. £LTIDOYT—E FAC
R THLH. BRETIT-TORKBEMERLE, 79 A< ¥ — bOKENERHEOMIC
EHMPOWMAKD Y T —=HEAET D, T T region 1 FAC BSFEAET A DI, TS HRTH 5.
TIA< Y — bOEEIE, EHICHBOEFILFEBEOMICL YT -2 BT S, ik
region 2 FAC TH 5. K6 IIEFHHBRERDOIINT Y AL, TOTT—bMATH%. JXB
EETIOWMDIINTG v Zid, L LS T W5 Vasyliunas DR Z 72 LT 5 (Vasyliunas,
1970). ¥ 7 — ORI, FEHRXZWMTOOLEMERETIENTE 2.
ERO—FHRIERE LT, NRICIITAFEL YT =DPANKRTHLENZ L. BHEE
D FAC ¥ 7 — O CREABICH 2, BABENORALER (54 FEEK) L#ET
DN, — gL 25, 2O D 13X Dungey M TIXEFTEX L WEETH B.
YIalb—2arTid, 2O BFHEETRTMETZ 0720 E LTHONSG. 7
I AREBOWIKIE Y A FEOERE & —KE 20, $E, FACKR, 79 X< HBOBKIE
BHWICHEBEL, EhEhofiRE V) L) RREBERIE R 2 5.

6. Dungey X} ¥t & Bostrom &I

LAY % Dungey SO EXIT 5 & 2 A1, @L< 7 4 by — AISEIEN, 0
BARSE NI RS E W) BERETH S 9 (Dungey, 1961). ZHUIEE )1 FIHED W7z
ETFNTIEARVD, LWORRT UL, BRSBTS 850k L EEII0NT AT
HAHH. LhL, YI2Lb—vaERRIOLIRA A -VI—FH LA (M1). B
B2y AT A Tld, BREHNOEL L AT, BERIRNIENT VAT 5DIEFENTH 5.
MHD THZHRD BN 5 23, ZhE 7 v 7 o vike LTHRIBICH > TR
WL, 7I9ARETNVT 2 VEOWHIZH LEMEERICEI VB2 I L1285 (X3).
RIS 5TV 7 = VIETHERHELZHERFTE LD, TDDIZEI 74 PR—X%
L ELRNPLETHL. CNOLDOILEEETHE, TIV7 = rE— FOMEITIE, EH
M EREE I T X2 L, BRBERICEENSPIATRTHLD1EH -5 THA).
COENGR RO ANV F = TH D Y AT 205, HRIGEN IS 200IE LW
WA PR O BRI, RS PENRIE T ANF LRI AT ATH L OB LRTIUE
Lo, INFTIKHABLTELILEZ—FTWVRIE, FSWLXIOILIENEINSG.

Dungey #1iit & BRE) 3 A AR 2427 ¥ a v B5ET 5O T, Dungey AiH S
T DMABEWIF T, )V atrr v a YOMWAPREEREL 25038 KTHL. €D
KRR EDEEL 79 A PRZEORFATH Y, TN TIIBAEYEZIIHENT, ¥
TICHMZ#RL., ZZTOMOORDIE, 7 H DY —=ATIET T A ORI AL F =
JEBITH Y, ZORKE, SMMEEHICEWTIE, 79 AYONEI RV EF—I12HRT,
AT AN F—3HEINSVE W) HEREL L2 THAHH (K2). FAC DEH%
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ZZBWE, CORDICHRIDVBEVI LD NHL. MIRITERBIBEOEETHY, £
DI=DINETA FEDREP AT R TH LD, FREMELCHEIEL L, BN EER
NTHHIERAFLT. —T, BRERBIHT region | ROEBREIEAI ETHLE, CWD
) REEICRLEL /RN, TITHAFEXZBET 5121, EET AL F—124KHF
T5ZE D, EOREIE braking 12 & > TFHRICHSEE 77 AP E->TCLEWY, 7
DING VA, TARVF—RLE, V7 —& FAC O— Kb E W) ¥ %EFL2, $CH2T
TEHMEEIELS RS, INH2 T XT3 DI, expanding slow mode 721} &9 2 &
ZRTONVK1ITHY, EBHIANF—IFAFELZRIEL LV EDRENTV S, #R
ELTCW I 287> Tnh.

FAFEDPAURTH D E V) BREATEPAENZED T 5HETIVIZ, Bostrom EiAH
% (Bostrdm, 1964). ZO¥id, HMEMIZIELWA, EFIVESITRIZ BB O LN %

Bostrom’s type 2 current system
North

. TOtd X B)#0 % J o
J X‘B/f/Nz JEO, e

8 Bostrom IO TINT Y A, BEINIENLEHVE) LB TELNWI LN
REND. WL, BLEREEEROZEZN S X ) R Sh, &
FEBOBEAFZZESY L L) R Lidhy, Ew) ZEERT.

Fig. 8. Force balance associated with the Bostrom current system. It is shown that J X B force
cannot balance with gradient P force. Magnetization current flows so as to surround the
high-pressure region, and does not cross the center of the high-pressure region.
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ZTBLTY, HONT VA, TANMNF—PAEEZGZTIEREZ LN TV, Bostrom &
ik, X6 TRLAZEHSERERE BTS2, MABERTIE, H2EETIE LIE FAC
T E FAC O— 720055 4 FEBRICEHRINTWSDIZH L, Bostrom &t Tld,
HHREET R E FAC & M & FAC DT 255 4 FEBRICER I N TS E ZADKE
{iESTWA, MEDHI L, BORERITLI2L—Ya VOFEMRE LTHELATVSA
Bostrom WM ANEH N R FEM L LTHEONZ EIZVWERLLWw. SRR TO LIS,
Bostrom B AN F 272 L TV W/=®TH 5. Bostrom B TIE I, F ¥ ¥ A WVIZiH-> T
AT B &, 7 MBI FAC L EAELTwS. RIZF A FEDOIEKT, IXBDIE
NEENT VAL, AT ANVTF =P OB BT ANVF—PEE SN LI, rot (JXB) =0
TRITFTNER L0, HHRICZEDOLI I EsTw R, K8IZRT XIS, JXBIX
rot A& FD. IR LT, M6 Tidrot IXB) =0 %7232 LA TE&%. —F, JXB

Bostrom’s type 2 current system
North

-——
-
- SN~

9 Bostrom BILDIINT ¥ A, BEINIEMEIIEBZHVE) 2 eBTERn L
AREND. HHIZVZRIE, WAPSHB %2275 L2 THIBE T T A<D
7eEoTLEV, EWWRMEIZIERORY, En) T EERT.

Fig. 9. Distribution of magnetic pressure associated with flow deceleration inside the dynamo
channel of the Bostrom current system. Flow must be decelerated to supply energy to
the dynamo. It result in the pile up of magnetic field and plasma. This configuration
is quite difficult to maintain the force balance.
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PEENEHNGIEEZDLE, F ¥ YAV o THRIDIEES I, EET A )L F—D3%
HMENZTNEARSBVA, HIDEHI, TOHEREF v Y ANVICo THNHLE T I X<
PRE-oTLEY, THRIZETF Y Y AVAPEEIL R TV, TOX) REDTHT ST
N YA (F?) 3D o Twiw, T, Bostrom BILOET IV & 9 MRS LTld
TWMD 77 A %P TE T, expanding slow mode D & ) LZHEEDS N L V72D TH S, —
i, BT ANF —IKAFT 554 FETE, FTRAREICT S LI TEIdw
DX HITHSB L, expanding slow mode 3% 4 FEDERICWAIZEHEN L HEEI L D
5

7. IMF \ZARAF L 720 o FE e

IMF D283, PG & oL E 2 <. IMF S b» 6 /MICLEb S L &, Thi
IS L TR ED L HITEDL LA ERTLHI LI, Y7 AN —2BRICUHATD 5.
IMF 25 ED HHICEDL L EEDY I 2L —Y a VRERIZOWT, KBRS OZH) & 88+
LR %K 10 12777 (Tanaka et al., 2010). X 10 {213, growth phase, + >t v I, expansion
phase % 38 UC, BEAEME RIS OWTHAET S, 70—V EEE2ENTL/87 X —
F—FERINTVS.

IMF 284k & o & 1%, iidiE<, BETOH@R M. Lad o TEH—u 7 HFHR
WHAZEBHIKHTH L. D72, —#IC IMF 2L & 0 & X ORKER S I EMTH 5
ERDLDNAAFETHL. L LEBITIE, L& IMF O & O ER S, & IMF O
EEDOWMABREE L DIZAICHMETDH A (Tanaka, 1999). WEXETIX, FEA D=2 h
55 E N7z, lobe cell, merging cell, exchange cell ® 3 FE DXt LIV AMEAE L, TEEERE T,
KT S 72, round cell, reverse cell, crescent cell D 3 DL IVAHFAET A Z &35
NTWa. ROV 7 X b= 25T, o oBMEEL#TC, k& IMEO L &
DR F R Z, AR R TR L C& . Zhi3Y TR P2 HEEZ ST
HFELLEI) ETHDT, EEEENZENEIELETEPS72NOTHAY).

10 225X GEOEH) % /5 &, growth phase TIE§ <'IT cross-polar-cap potential 73K & <
BINLCTwab. BALER TSNS ¥ A FEDOT TR, BEEXKOMILIZA 2 TDED
FIHMOBILTH 5. ZOENHEBEERT S 7T A< DRA, BRI X - TRAET 55,
BHRES & A T 2 B 12, IEREICIE ROV - XL — YRS A Z 2 TR 574V (Cowley,
1973; Crooker, 1979). XV - t/8L —#HE#Eix, & b LHMALLTFHENTV /b OT
HHH, YIaL—TarTHIELALHRUMESHHRIN TS, WO IMF KA
X - kS L — F i, BB ORI, EAEBOBE & v ) —HE 7 1 & 28 IMF 124K
ETHHRTHS. H11, 1212, IMFALDO L ZLHDE EDRMA N - LIS L —
BEERT. ELLOYGH XV - 8L —FHEEIR, Co0XVEE, FNH AL —
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potential, magnetic field and pressure
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B 10 WEDOWHPAOMETORT VI x Ve TIAIY— bOMHLIE TORT V¥ v VATRT R
WIZE 8. growth phase TIZ 77 A~Y Y — IS TAH &, vty P TIOWHE»IHEEINS
gk#ﬁfﬂhé.u®ﬂm®*ﬁ ST, u— TR, WLWOERY, FLPE T T X<

SEBT L. =01, HIE IMF OKMEA, N ay 712305 LK.

Fig. 1 (). Time development of cross-polar-cap potential, cross-tail potential, lobe magnetic field, geosynchronous
magnetic field and geosynchronous pressure. The cross-polar-cap potential shows a drastic increase
after the southward turning of the IMF (purple line). This increase is due the build up of cusp pressure.
Increase in the cross-tail potential at the onset is brought about by the changes in force balance, flow
configuration and pressure distribution.

54U bhbI LWL, —HRICESICIZ IMF, BIRSE, BRSO 3 BEAEEL,
IMF & B, Bmess i & PRGNS, 2 M oBRm (287 b)) v 7 2) BEET 5
YNV —F T4 E, B o 2 MEORREOZHE S ReEs. K11 LM12 Thhb
91T, AN R L= FEEIIIMF I X > TRESRL . Z0EWD, MBS ERO&E
W, AATIETIDENE B LT, region 1 ¥4 FEDBBNANEHEET L. K11 & 12 %k
5L, ZODXIVEHOMIZH S IMF OARKIL, B E IMF O & & O HBERICE .
Z UK 10 @ IMF I24RAF L 72 cross-polar-cap potential D#EWV ORI OMETH 5. F72EHK
SNDRAEHOWIREZE TS L, IMF & —#HICRYAThATTIA<IE, IMFEOL &
WA ATIWIEAT 525, IMF Lo & %1 LLBL (low-latitude boundary layer) (2i#i & % & F4H
INb.

AV - wXL =y, B2 TR, B, EREEPERS NENL &R S D
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separator line

cusp null

11 IMFRREDE ZORMIN - 8L =i £35 8 v 7 A LOBHMERT. XVr2
RETNERHREL—=F T4 YA R 5. RT3 Re. IO BIZ TN ZNZRINT 5720 T,
ERIE .
Fig. 11. Dayside null-separator structure under the northward IMF condition. A separator line connecs two null
points in the northern and southern hemispheres. All of detached, open and closed field lines coexists
on the separator line.

HRMOME D, IV - 8L — S HEED LB SN TR 54w, L& IMF
DEZRZZODINVENBNLD, HM1TICRONLBMOE L -5 54 2 L3z, b
IO b RNV =5 T U HHH. MO —F T4 ViEX=—100Re L T
IENTBY, ¥ 7 & b—2L growth phase DT T A~ T — MIKRELEEEEZ 5256 (B 1HS
H8). growth phase DR AT T A< ¥ — P THRE T 52 LR, 4~ v b T dipolarization
AT HEML, ELIEX N -2 XL —FHERSBR SN2 Tid e 5w,

growth phase Tl cross-polar-cap potential DIEHNIIXF L T, cross-plasma-sheet potential 03
MR E v ZHUIBMD SHMA~D T T v 7 ZEEIH LT, 79 A3y —
DFFBHBEVONTVRWIEZRY. ThbETIAvy— MRAWET L. L
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X null

cusp null

B 12 IMFHEIZDOE ZORMRAN - LU —FHEE £XF R ) v 7 2L
WM ERY. IVH2HETNEMRSLIL =5 T4 VAR L. K
lZ 3Re. WNMOEIZENENEZMINT 5720T, FRIZZR .
Fig. 12.  Dayside null-separator structure under the southward IMF condition. A separator
line connecs two null points in the morning and in the evening. All of detached,
open and closed field lines coexists on the separator line.

L— BN % 7T, growth phase T CEBEEX IS CTHo0ICET 5 2
IO THAL. LLMBENTWD XHIZ, EHEEERROELENIEM 2 S F - THRMANIS
BT TIEL L, SERDPFEREIZIET 5. 21U Dungey WD A A — IS5 5 &
AEELBRICHZ DD, WAT -V MVF A FEEFACIZ L o TEHEI SN LM% %
AL, TCHRTHD. 2oL )T, BEEREXE TR FRR 20, —RICEAE O
RAEALT 2 GFE®) & &3, WEAEIIFEEL»RET 505 THTEHERICIIED
59, BESPERT & BRI IE T AT .

F ¥4 » I T, cross-plasma-sheet potential 7%, cross-polar-cap potential {ZxJ L 31z 3
5X9ICHZD. ZOMEED L, NROBEOEMRERFET LI LN, F by MR ER
THIEIORNL. vy F OBKEREEZE T, #IEPLERY Tl explosive growth
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(221 growth phase I Z 545, 9 TEARLTTISH Yy OB &2kl
dipolarization, H — 7 TIIAM OBV R oS, Thbid, wIhd I <ashT
W, ¥T7A =24 vty FOBKEEE TH L. FILILEDENLZH S, 4y b
DREGEB DO WEY (explosive growth) (ZEERIRICL 2D D TH ST Lbhb.

8.  growth phase DX i

[X 10 Ti&, growth phase DL EMEZE O 5 b, HILHLERYS OBPIE T 2~ v —
k@ thinning (ZxHE L, O — 7EESHE ORI (2) G258 1 HOZHZ/RT. 20
75 A< ¥ — b D thinning 1%, BIA 5 B growth phase & F5ED01) 2 A EAE & LTX <
HMBNTWD (Hones ef al., 1984). growth phase Ti¥, Mgé o —7HE I+ —asni b N
IR DO TIE, FAC 240 L TliE ORI —H L, MIFEHHY Lo, LrL7T 7 X
XY= MK E LT, LM & IMF O & SRS NI XV - o8 — & ED
Y 5. FLRBRNIIT I Ay — MAEBEBROKVHEHIHIZIRE I NS, D729 cross-
plasma-sheet potential I cross-polar-cap potential & D /NS <, 79 A3 ¥ — MIHFERAL TV 5.
ZNTHEBES R THADZ VDR, 79XV — MR EsTWA0EMY AL TY
b Tha. PORT 5L, WABMNRT, 77X~y — MRS 7 7
AN, WMATHTT9 7 ALDL VDT thinning &b EWE 5.

growth phase Z J¢ DT 5 BL L LT, HL LA HN T W72 DI quiet arc 23D 5.
quiet arc 134 S EEPIIHPIT T, REEMICOZ-oTHIATL2Z LI H 5. 7 growth
phase ORI, FREHTNIHE A BB LT <. TDquietarc DEIX 2B L Tnb L, +—
NVDIER, BERHTOWRTZ AN T —FER L 28 L, growth phase &\ 9 D%
LT BB FRIEEOND., &2 AHH, quietarc DFEFIZAMONTE ST, THEH7 A
F—2F vty bEEBIT, MAEWHEORE BARBRIPEL o Tz, L LAD5
WEDYIab—va vidquetare DTHHTEL LI B LARNVIELEL, ZOMHH S
quictarc D X A=A LB RZTETWS. X 13 1 3RILFEHERE O BLIZEE & FAC D434 T
HY, EiZME IMEFO L &, FIXEAE IMF IZZD - 72 (growth phase) TH 5. X
13 1i2id, Mo ICBmMES L I N A, T HIE, sun-aligned arc X fan arc 72 & & IHR
ENBEEICIET S, —H, K13 F T, %HET quiet arc IZR I3 5 region 1 FAC A%4 —
NV ORI > T, FHPOERFZE)BRLTHTETEFTVL2D08ELNS.
14 13 growth phase ® 3 It M-I iR &, FRENDOENGA (Y =—T4 v 7)) %RT.
AL quiet arc I2D A 2 B, HARILEM D region 1 FAC 12D 235 B, #vikid region
2FACRTH 5.

13 T2 B LR oES L LT, quiet arc DFMABENTWAE. TRFETIZDH
5 quietarc DET VD L HIZ, B HIEHFMD T quietarc DA ZTHFHT % b D TIE %\,
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Contoug interval 0.3 pA/m‘

13 ##HE3IE (1) & growth phase () OBESAZEE (47 —) LiRIIMEI (FEMEFRH THE, 5
PR LN E) 05, K10 ISR SsE5 L, 1=7 & t=4712H725. growth phase DI,
LI & FAC () A H»oEE 2 M) BL T, Wl E TN TWS. 1 quiet arc @
e E KT 5.
Fig. 13.  Conductivity (color shading) and FAC (contours) during the quiet time (upper) and during the growth
phase (lower). Solid lines show downward FAC and dashed lines show upward FAC. During the growth
phase, the upward FAC region extends along the poleward edge of the oval toward the morning side.

fRE M-I Y AT DO O 3 RIThEY 77 Az §NTREL TV T, LMD 22w
Mgz CTHHid 2L TE 5. 141ZZD—BlE 7o TWnab. FAD, TR\ quiet
arc DEIHE WL D1, 14 250D TTH 5. HIEINETRA LGP -72DbDERZ
5EICLTVBREN) TENTE, ZOFEIEVAMEDEMTH 5. 14 TixEMm
@ region 1 FAC 728, LICROSND F A FEOHLHEEBIC, REFHETORT>TWAS. 2
MZx LT, quiet arc 7> 5 W5 L C, region 1 FAC OEILH 2 A T LHIC b L —
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14 growth phase ® 3 KICEIMEE. quietarc 225 M L— A L2EHM () du—7¢ 75 X~v ¥ —
FOEFUZI o THE, 7 )ETTO~< > MVIZDO %) 5. IRIL 3Re.
Fig. 14. Current lines traced up from the ionosphere and pressure in the noon-midnight meridian plane (color

shading) during the growth phase. Green, blue and red lines are current lines traced up from the quiet arc,
dayside region 1 FAC and regin 2 FAC, respectively. The current line traced up from the quiet arc extends
to the boundary between the lobe and plasma sheet, but does not follow the magnetic field line exactly.

AT hE, TITAIY—PEu—TORIIN>T, TANVORPLESETENT, T2OHKk~
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9
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15 growth phase [ B 2 EAERE YZ HIORNEIEN 5. 7T AT — bOFKICH->TY 7 —
A SN D. #HVERIE 3 Re.
Fig. 15.  Flow (white arrows) and pressure (color shading) in the YZ plane at X = — 15 Re during the growth
phase. Shear flow which appears along the outer plasma sheet corresponds to the upward FAC from the
quiet arc.
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SNbH. TNRERMO PL—ZADORKRTH L. KR L TWARWDS, quiet arc 2 H )]
MaEPL—2AF2L, 4T IFAY— MESKPENS. FAC ZHERD S EEILIE,
VP LHREAELR FAC TIER K, WHREBRMPITNTL27:0TH5. BlhoLH I
growth phase D & X DT 7 A< ¥ — PNFBTIX, HIERIN X #EAIRTT & SCHLERIA) 3)?:73@73@
W, BN T v ADHERES 5.

9. F v FDAH=ZAL
X 16 £ & T2, 4 %> b & expansion phase |25} 5 BAIEEEE & FAC D4 % /RY .
SO, YT AM—L2EFTROEELRA VML CHHINTWS, oty M
@ k1) & region 1 FAC O, BRI T — 2NV OAGEM O CEEA LI F - T
% (EM). ZoOFBIZEHZICY HMICBEH Lo+ — Vol BsL, <512 WTS



TT A — L D% 2 133
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ANy FIZEME FAC RN T 20002 5.

Fig. 16. Conductivity (color shading) and FAC (contours) at the onset (upper) and during the expansion phase

(lower). Solid lines sow downward FAC and dashed lines show upward FAC. The onset starts from the
equatorward edge of the oval. In the lower panel, the WTS is reproduced in the evening side.
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Fig. 17. Development of force balance in the plasma sheet associated with the substorm onset. During the
growth phase, a static force balance between JX B force and — grad P force prevails all over the
plasma sheet (upper left and right). After the onset, the mid-tail plasma sheet changes to dynamic
force balance while the inner plasma sheet develops to an enhanced static force balance (lower left and
right). Associated with the dynamic force balance, J X B force (red) prevails over — grad P force (green)
to drive the BBE. On the other hand, enhanced static force balance generates the partial ring current.
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Simulated (left) and observed (right) dipolarization and D deflection
(geosynchronous orbit)
2008/4/13 ETS-VIII (N. Eto, private communication)

[nT] 100

100 nT--
90
80,
70
60 : onset.
50 nT Y=onT = z \l/ ]
| 10l M/\\’A“‘“\\\ NMA//’/
30 \\\ A
0OnT \"“"’"""‘x\ e 200 S s S Wj/’m_.m.‘
0nT; R I e e Yoo
0.0 . 56.2 112.4 B oot 16 7
time (min) uT

18 YIab—var () L8 (6) 2 X 2 LERSET). 4>ty FOMMTH S,
explosive growth, dipolarization, D-deflection 25} 5115,

Fig. 18. Magnetic field at the geosynchronous orbit during the substorm (left simulation, right observation).
A growth phase signature of the substorm is observed as the decrease of Bz. Onset signatures of
the substorm are observed as the explosive growth and dipolarization in the Z component and the
D-deflection in the Y component. Simulation results reproduce these variations pretty well.

MONSHE=ZIZFTERVD, RAHETHRININD X=—8Re L) O L WEFOERK
CIER D35, COWMULWERNE, ThZ20x2RcE8t by bodBERTLICbHEL
% (Lui, 1996). TNFTOHF T A M —AHI%ETIX, 2OLILF—TatARRIIZZbo
TWiz, ATl growth phase 2254 Y&y NPT TOLEENE, ZFa— Vi )jnNg v
ADEFIZE > THRET L. SOHNT v ADOEHIE, NENL OHEFT 7 &% IREHIH 5 X —
— & LHZEHIREERTH Y, EANENOERNTHY, EABENOERTHL L
W) L) BRERPNEEERDN % L, SRS —FIIE LT 5. COMNMHEMIKREERIX, T A
=2t Yy PORERERZH) . OIS EREFTMT LI LB TE VD
WHTAP—LTh5b.

FrEy bodH)—o0Miie LT, RBHELO RO Y22 /A2 TES. Z
NFKEPICE, 7992720 —=7OMMBIZEZEMRAN - L —F GO E RS2
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Fig. 19. Nightside separator line (green) and flux rope just before the onset. Blue line shows a core of flux rope

whose one end is connected to the earth and the other end is connected to the solar wind. The nightside
separator line disappears after the ejection of the plasmoid.
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R 20 H7 A b—=23KMHO 3 KICETAERE. Fki growth phase 2* HAFFET 5 quiet arc (2D % %% i,
FidA vy b THBIT % discrete arc (12D 72255 B, 771 region 2 FAC 120 72 5 % B

Fig. 20. Current lines traced up from the ionosphere and pressure in the noon-midnight meridian plane (color
shading) at the expansion phase. Green, blue and red lines are current lines traced up from the
preexisting arc, onset region 1 FAC and region 2 FAC, respectively. The onset region 1 current connects
the cusp-mantle dynamo and the equatorward edge of the oval through the flank of the magnetosphere.
The region 2 current threads the midnight meridian plane through the north and south edges of high
pressure region built in the inner magnetosphere.
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region 2 current driven model of the substorm
Cusp dynamo — flow
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E—fkE LTHNn%.

Substorm current loop. Through the plasma sheet collapse, magnetic tension acts to squeeze
plasma from the plasma sheet to the inner magnetosphere. The region 2 dynamos are driven by flow
crossing newly built pressure gradient. The region 1 FAC from the cusp dynamo is connected to the
region 2 FAC to form the grand current loop. This current system includes no inertial current.

X 21

Fig. 21.
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22 growth phase TOREAE & BEERE OB EBLR. 77— 3RE1H & 3 Re DERIMTTOETI A6, H,
Zwnidwnt, Y s oMERIMERT. HET I A3 — D -10Re 55 —20 Re DHIRIZ
DV DLREIIR, 72072 id T 7 A3 Y — b ORWm & RINRZBLRIM, ¥ 73R
P THEIE 70° & 74° 2l AWM EIRT. 720720 OFERIL NENL %779
Fig. 22.  Magnetic field tracing from the magnetosphere to the 3 Re surface. Color shading shows the pressure
distribution on the equatorial plane and on the 3 Re surface. White, orange and pink lines show
magnetic field lines traced from the — 10 Re~ — 20 Re region in the plasma sheet, innermost and
outermost regions of the plasma sheet and 70° and 74° latitudes in the ionosphere, respectively.

23 3Re FRWITOEJI534i (717 —), FAC 53 (FEMEEEHM TN &, s Ei i &), B (4,

Eniinty, €7 o). K22 OREIERLAZDOT, MEERIE, kR E & B8
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Fig. 23.  Pressure distribution (color shading), FAC distribution (contours), and magnetic field (white, orange
and pink lines) on the 3 Re surface. This figure is a zoom up of Figure 22.
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TWBH, KLDEFNTREDL) BT Lidswn.

Fig. 24.  Current system just after the injection. Red, blue, and pink lines show the FAC systems. On a sphere,
solid contours show downward FAC and dashed contours show upward FAC. On the midnight, the
isopressure surface shown by orange color is still compact. A unique current system shown by a pink
line appears at this compact phase of injection.

UL T E B E FACRT7 — & LCEMBEICERS N TWE. 2t Yty ORI
EIIMICEND, vty P FAC EEHENTVEHOTH L. —MRICIEZOERKIT ~
Ly FAHZ AL BRBETLEEETREEZONTVED, KXDETIVTIEED L)
R EE v, LA ryY s a DAy b phase T, MEOERRSHNLS &
WY ZLIFTES.

Ty b5 55HTIE, ERENDLETI AT — MOEEBEBIZEEICIERT S, &
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JEFURA O M7 BRAIH 21 O L) 2fEHE L 50T, LFLIWHHMO ML —ALiZ—
AT, region2 ¥4 FENEHMRICH > THEERE SN LI DI TERW. ALLHIC
region 1 FAC DERMB MO P L —A LI RELE LD, CNOLOFERPOHL L, H
DL BB BB OZBRE R L, MENOL 6L, H2RERMEICHE
SNDWHMEDR DS, —KISH >y PEETOA -0 T4 —3N0iE, BERFT64-71°340
WA A5, W23 TIE68-71° 137 T Ay — FOEEDINIh o TnAE. BillTiE, =
DERLFZ 630.0nm DIEHHIMTH B, ZHITH LT, 77 X< — b OFEHIE 64-68° 1&
557.7nm OFEFEHE TH % (Friedrich et al., 2001). ¥ I 2 L —3 3 YFEE T 68-71° (3456

BT 525, ZOMA/IIT—TDOLrIENTFET L L, R14EKI5206F2TH
NBZETHAH. TIT, 71°PMMTHIBT 50, —OOMBETHS. ¥Ial—Y 3
VAERE SO T AL, TREL TV AL E IMF 2o %250 —7 8, #HzZF
BENDOOHLHEIME IMFICO AR50 —7O8HICNS-2X)ICRASE. ThbnEic

DWTITFEZMRITEA TR VD, SHOBEELGEE LS.

UED X2y Ialb—2 a3 vOrETIE, growth phase @ NS arc 1Z BBF D5 CTld %
W) ZLIZ% B, NSarcldt vty botkd, K16 FOWTSIIfHBEL T, Ny
o#%J GRE) TEllENG. ZoX) a7 A3y —b7u—LoMerE S
T3 (Sergeev et al., 2004). WTS OHiETIX, +—/SIVOIEIZ10° L EHEDT, BTFL
b growth phase @ NS arc & (3 —#412#% 2 5 LEIX L. WTS O KK BKDSHHAE T 7 WS,
CZDLEFF—INNVELTRZLZLDETIAT Y — bOEETH LR H 5. X 22,
23 OFHER, MOMOFE L) ELITHRICGE L7 TFEZHCTWDY, ZOREET

RIS 25 A 0, 22 ARBIAEIE SN2 720 T, EHICER->Twhy, ko
LANVOFHESFERIL SN &, B R EOMHPELICHEETLTHS .

12. b BRGSO FBL

growth phase 25X 21 D% 7 A b — A BIAPFEET 2 HMICH T, Eo k) Rl
B OB EE SR ESNE2EE L2 0% K25 ITRT. ¥Iab—3Y 3T, N
FIZ L7228 TMIEBAHIL SN, TOROKBHRFE L LTEHSINL DN, H25 D%
BThsb M25DAU & AL, H13RK 16 DX ) iR KICEHETER (Pedersen &
U, Hall Biit) ZEHEL, 4 =2 iito 72» < Oh OBl H 2 08 LTl RS H OK°F)
W OEEZRD, ThHD (ETO) WMEHMVW72bDTHAS. AU & AL DEFIZIE
growth phase, * >t v b, JLARMEASHMEICR S5, growth phase TlX, 100nT FLEEDFER
DRBESGEE O, 50 3E RV TWS. BTRENIF >y FLUIEE, 1000nT
(T 2 2W%R AL DWAIR 5 Twb. + by M) AL OEBL, > IS HEHE
HEE LTHEIATWS
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Fig. 25.  Time development of high-latitude and low-latitude magnetic fields. The growth phase and the onset
are observable in the AL and AU, the Pi2 is observable in derivative of high-latitude H, and the
positive bay and the Pi2 are observable in low-latitude H.

B 25 121F, SREERSGABS OB TBY, oty FEEBITREHLBNL D
BRENL. ZhE, F vty PN Y ZAERIHES 72 M AE) % KWL 72 FAC D1
WMIRE) & Z 2 6N, PRACHEPOETIE R 5. K25 IITERHBERSEHLRLTHD,
R ERBSETNC D A+ kv MMZHES T, positive bay & B2 o 72 & 9 7 Pi2 IZHHBOEFH
Ronsd., EHMERGEADIEMEEERICE ST, TV7x YEIZL > TRARED»SE
BEREIC (V32 b= 2 YINERBRROWMIC) BN T 2LB L AL TILENTE S, 2
st U, KRS RIR A BT RENOERIC X - THL RI2) 726 SN2 LB T,
HEHEO L T2ELT (¥3ab—Ya YINEBERONMT) K7 ¥ v v & LTES)
TLHASTHADH., M ETEHANSND KL ZILE$ 5 L, positive bay EAKHEEE Pi2 D BIHDS
b WML R OEERZ 5 (WADONEM). THNERKEC AU, AL, S#E P2 Bz
BT 5%, INHOMEI/NS L, 2FHOEMTESITKRELEBICZE S, positive bay
DHTAP—2OMHIZLC—HTH0IE, BINICL L) HoTwdEvwbhTwa.

BRIV 2 10 ) B IO £ 1 plasma squeeze I[ZFEBLTH VD (Haerendel, 2011), 75 A
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<~ JJFE LTld slow mode DIEEITH 5. L7203-> T, WEEEE TORE %SO AR
FHEEBSTHD, INAREEZED OIZHRTH 5. SEEBIIESITT) - BRI Lo
VAERBTRERMEL Y, NT VADPHNIZGEE, NT VAR B3R S
N5, ZOX)HBEfE, K25 R LTHEEIEMEOENMGH 5 BN S D, Hhik
WMEOENEINE, WEESOEHIBALTWLOBRONE. ZOENEHICFACE
S Dk, TCHRTHA). M5 OPREEE, A Yoy ya i) ra—n
WEREZEBO—BRE L THBEN b DTHY), ThETO L) HIEBMZE TV TOHY
EIXEL L. EE PR ISR LTI, SNFEFTHFr T 4 WG LV FHNR L SN Tnz2s
INBF o7 OREOFKE T, THEE P2 IR ERLE ORE T, WHBRER, FAC
DEEVRAFNTH L. OO PR VEETL L) ICETVEREL PR 2itH T2 E
FITIE, BABPZOTTHBEINLZTTH LS. KB & BT8O A5 Pi2 %58
HEIELZ LRI LI EIZED, PRIIEDOH 72 AT — I 25%h1F 5 TH A 9. positive
bay b SHOENTVEY T A M —24F Yty D signature TH 575, ZTDFEHIZON
TRINFTTHEINT WV, X125 Tid positive bay (3 E Pi2 & FARIC, BEEER
EEONRTH 5.

B 25 IR &Nz XD el LB OZEBE, TRTHLLALHAMOENTNT, 228 ETH
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2D, ZoOKO—EE LTl EEGEZEEGON TS, M25sIiIZHhohs KH12, i
FRESEB O RIIBI E B RE—BERT. TIICES T, REEEIHEE D SEEIC
by, $TAN—LOMIEIIRECEHERTL I LIRS,

13, #% W

Wb E 723 32— 3 YORSICE Y, EEEHREN, KBR, BUE o =22
5, BENLRTTAN—2EEHPHIEIND L) 1o 70 BRI, w5, EEEEoR
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VDY T)TF4ERLTWA, Ui TS X~, @, BRICELT, $XTo3KIoH
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ZHb. ¥ TAPM—LDFAC Z&D, TXTHO M-1 &iii%1d expanding slow mode 12 & %
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139258,
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T, T OEREZEZ D EDBUHTH 5.

ARIFFENIE, TEHORE I ZERAs S MG s A 7 &, BB 7 — 5 & v & —,
SRR FMTT]MA 74 72 v 5 — (EAFBEBIZER L RBIE), 20l B R aaE G AL i v

& — (REHEREREM R L FEZE) 2RI S TwaZE T Lz, S ZITECHFLEL
EFEy

X ®

Akasofu, S.-I. (1964): The development of the auroral substorm. Planet. Space Sci., 12, 273-282.

Akasofu, S.-I. (2004): Several ‘controversial’ issues on substorms. Space Sci. Rev., 113, 1-40.

Angelopoulos, V., Baumjohann, W., Kennel, C.F., Coroniti, F.V., Kivelson, M.G., Pellat, R., Walker, R.J., Liihr, H.
and Paschmann, G. (1992): Bursty bulk flows in the inner central plasma sheet. J. Geophys. Res., 97, 4027-
4039.

Baker, D.N., Pulkkinen, T.I., Angelopoulos, V., Baumjohann, W. and McPherron, R.L. (1996): Neutral line model
of substorms: past results and present view. J. Geophys. Res., 101, 12975-13010.

Bostrom, R. (1964): A model of the auroral electrojets. J. Geophys. Res., 69, 4983-4999.

Cowley, S.W.H. (1973): A qualitative study of the reconnection between the Earth’s magnetic field and an
interplanetary field of arbitrary orientation. Radio Sci., 8, 903-913.

Cowley, S.W.H. (2000): Magnetosphere-ionosphere interactions: a tutorial review. Magnetospheric current
systems, ed. by S.-I. Ohtani et al. Washington, D.C., American Geophysical Union, 91-106 (Geophys.
Monogr. Ser.).

Crooker, N.U. (1979): Dayside merging and cusp geometry. J. Geophys. Res., 84, 951-959.

Dungey, J.W. (1961): Interplanetary magnetic field and the auroral zones. Phys. Rev. Lett., 6, 47-48.

Friedrich, E., Samson, J.C., Voronkov, I. and Rostoker, G. (2001): Dynamics of the substorm expansive phase. J.
Geophys. Res., 106, 13145-13163.

Haerendel, G. (2011): Six auroral generators: a review. J. Geophys. Res., 116, AO0KO0S5, doi:10.1029/2010JA016425.

Hamrin, M., Marghitu, O., Norqvist, P., Buchert, S., André, M., Klecker, B., Kistler, L.M. and Dandouras, I.



148 FH A B

(2012): The role of the inner tail to midtail plasma sheet in channeling solar wind power to the ionosphere. J.
Geophys. Res., 177, A06310, doi:10.1029/2012JA017707.

Heppner, J.P. and Maynard, N.C. (1987): Empirical high-latitude electric field models. J. Geophys. Res., 92, 4467-
4489.

Hones Jr., E.W., Pytte, T. and West Jr., H.I. (1984): Associations of geomagnetic activity with plasma sheet
thinning and expansion: a statistical study. J. Geophys. Res., 89, 5471-5478.

Iijima, T. (2000): Field-aligned currents in geospace: substance and significance. Magnetospheric current systems,
ed. by S.-I. Ohtani et al. Washington, D.C., American Geophysical Union, 107-129 (Geophys. Monogr.
Ser.).

Kamide, Y., Sun, W. and Akasofu, S.-1. (1996): The average ionospheric electrodynamics for the different substorm
phases. J. Geophys. Res., 101, 99-109.

Kan, J.R. and Sun, W. (1996): Substorm expansion phase caused by an intense localized convection imposed on
the ionosphere. J. Geophys. Res., 101, 27271-27281.

Lee, L.C. and Roederer, J.G. (1982): Solar wind energy transfer through the magnetopause of an open
magnetosphere. J. Geophys. Res., 87, 1439-1444.

Lu, G., Tsyganenko, N.A., Lui, A.T.Y., Singer, H.J., Nagai, T. and Kokubun, S. (1999): Modeling of time-evolving
magnetic fields during substorms. J. Geophys. Res., 104, 12327-12337.

Lui, A.T.Y. (1996): Current disruption in the Earth's magnetosphere: observations and models. J. Geophys. Res.,
101, 13067-13088.

Lui, A.T.Y. (2001): Current controversies in magnetospheric physics. Rev. Geophys., 39, 535-563.

McPherron, R.L., Russell, C.T. and Aubry, M.P. (1973): Satellite studies of magnetospheric substorms on August
15, 1968: 9. Phenomenological model for substorms. J. Geophys. Res., 78, 3131-3149.

Nakamizo, A. and lijima, T. (2003): A new perspective on magnetotail disturbances in terms of inherent
diamagnetic processes. J. Geophys. Res. 108, 1286, doi:10.1029/2002JA009400.

Ruohoniemi, J. M. and Greenwald, R.A. (1996): Statistical patterns of high-latitude convection obtained from
Goose Bay HF radar observations. J. Geophys. Res., 101, 21743-21763.

Sergeev, V.A., Liou, K., Newell, P.T., Ohtani, S.-I., Hairston, M.R. and Rich, F. (2004): Auroral streamers:
characteristics of associated precipitation, convection and field-aligned currents. Ann. Geophys., 22, 537-548.

Siscoe, G.L. and Sanchez, E. (1987): An MHD model for the complete open magnetotail boundary. J. Geophys.
Res., 92, 7405-7412.

Siscoe, G.L., Crooker, N.U., Erickson, G.M., Sonnerup, B.U.0Q., Siebert, K.D., Weimer, D.R., White, W.W. and
Maynard, N.C. (2000): Global geometry of magnetospheric currents inferred from MHD simulations.
Magnetospheric current systems, ed. by S.-I. Ohtani ef a/. Washington, D.C., American Geophysical Union,
41-52 (Geophys. Monogr. Ser.).

Stern, D.P. (1983): The origins of Birkeland currents, Rev. Geophys., 21, 125-138.

Tanaka, T. (1995): Generation mechanisms for magnetosphere-ionosphere current systems deduced from a three-
dimensional MHD simulation of the solar wind-magnetosphere-ionosphere coupling processes. J. Geophys.
Res., 100, 12057-12074.

Tanaka, T. (1999): Configuration of the magnetosphere-ionosphere convection system under northward IMF
conditions with nonzero IMF By. J. Geophys. Res., 104, 14683-14690.

Tanaka, T. (2000): Field-aligned-current systems in the numerically simulated magnetosphere. Magnetospheric
current systems, ed. by S.-I. Ohtani e al. Washington, D.C., American Geophysical Union, 53-59 (Geophys.
Monogr. Ser.).

Tanaka, T. (2007): Magnetosphere-ionosphere convection as a compound system. Space Sci. Rev., 133, 1-72,
doi:10.1007/511214-007-9168-4.

Tanaka, T., Nakamizo, A., Yoshikawa, A., Fujita, S., Shinagawa, H., Shimazu, H., Kikuchi, T. and Hashimoto, K.K.
(2010): Substorm convection and current system deduced from the global simulation. J. Geophys. Res., 115,
A05220, doi:10.1029/2009JA014676.

Vasyliunas, V.M. (1970): Mathematical models of magnetospheric convection and its coupling to the ionosphere.
Particles and Fields in the Magnetosphere, ed. by B.M. McCormac. Hingham, Mass., D. Reidel, 60-71.

Weimer, D.R. (1995): Models of high-latitude electric potentials derived with a least error fit of spherical harmonic
coefficients. J. Geophys. Res., 100, 19595-19607.

Xing, X., Lyons, L., Nishimura, Y., Angelopoulos, V., Larson, D., Carlson, C., Bonnell, J. and Auster, U. (2010):



P T A b— 2O 2 149

Substorm onset by new plasma intrusion: THEMIS spacecraft observations. J. Geophys. Res., 115, A10246,
doi:10.1029/2010JA015528.



