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Abstract In this paper, the MacCormack scheme is applied to the time-independent Magneto-
hydrodynamics (MHD) equations in spherical coordinates with a six-component grid for the three-
dimensional interplanetary solar wind simulation. The use of six-component grid system can better
body-fit the spherical shell domain of interplanetary space as well as avoid the singularity and the
mesh convergence near the poles. The radial coordinate is treated as a time-like coordinate, thus
can significantly reduce the computational time. The inner boundary distribution is determined by

the empirical relations and observation. Five kinds of inner boundary conditions used formerly by
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MHD modelers are comparatively used to simulate the Carrington Rotation (CR) 1922 solar wind

background. The numerical results show that all these boundary conditions can produce consistent

large-scale solar wind structure with the observation, and better result in agreement with observa-

tions can be achieved when adopting the following inner boundary condition: the radial speed is

obtained by the empirical relationship proposed by McGregor et al. in 2011, the magnetic field is

obtained by Horizontal Current Current Sheet (HCCS) model, an assumption of constant momentum

flux is used to derive number density, and temperature is chosen to assure that the total pressure is

uniform at the inner boundary.

Key words MHD equations, Six-component grid system, Interplanetary solar wind simulation

0 5%

H R KU B 24T B PR 3 A& 8 i) == 1] K
SORVE Ry FERY, MHD BT 5K B XBTE 5T
BEFBEZz—, HEiXET MHD F#EWHE/TER
REBEBIR =B EI TR FHEZRRIBIR
VW EREEEEN, FHFEEJLFERE — SRR
HEl, 2T 9 B py = 4e 5 HEBUE IR 22
FiEE = AL EEF 0 (CSEM) H AR 2R
SAELZER (SWMEF)M, 38 5 48 28 () R A
Hl (CISM) H & H ZF H BkZE =45 K H R
A (CORHEL) P DA K i 25 [0 R 2 E R E S R
FEHIRHATEPR- #AEEER S (SIGMA) FFR4AHF &
WK RHAT BFR<FE T = 4R XA (3D SIP-
CESE MHD)B~4. 45 3¢5 Ee A By F $ {4 2 B
FEHE R ] 275 3k [5—6].

H AT B2 s 2 ) i P R A 7R 2 X3, 3
HWINATE 18 PNRIHFER (R) Wiz, EMZXE
WEESRUZEL H BRI RG2S, E1E 18R, 4
i = W, 3 45 I Ab 301 5725 A 8 8 i R — e IR Y.
H AT N A A0 PR AT DUE N P PR S, — g
AT RBHRSEM 25 AR 78, F—F kA
H % X3 18 Ry ALHRLI 25 R 45 th AT B PR 2= [ Y
WIS 7100 TP AT BB R FH R AL BT LA
R ZGEmAE MHD 347, #140 Detman & 112
HJ HHMS (Hybrid Heliospheric Modeling System)
ABH AR Lax-Wendroff 2543 #% A AR, = 4R
¢ MHD, 5 XEM 0.1AU | 1AU, Wil F L0
it H 57 A2 1] W A 377 >R FH 3 T P UL A5
# (Source Surface Current Sheet, SSCS) #47H %,
SSCS #iRIE SeRPE PFSS (Potential Field Source

Surface) MIARICIFERE 2.5 Rs MR ML B,,
HEMRALL PFSS fEIERE LRy B, MI4aXHELER
RIS F S ART, B IFRE 2T E i #gf, 152
BREIMEERE S NERAWERTESHSE
H—RINERm ARG . TESCHR [11-12] fy5EA L,
Hayashil'3l ]\ 50 Ry H{%& % MUSCL (Monotone
Upstream-centered Schemes) ZE4M 4% R X = ZERF A5 K
FH XUEEATALHA, Shii R3] 6 AU. Hdr il A 42
Y PFSS AR 2.5 R, LMY B,
HEMEN 1/r* BT H N R WY, AT
AR, 50 Ry AbIACRH XU BRE4E ), Hayashil'®l KERE
G R A% 14°. P 5 B9 H KU BE OB T TPS
(Interplanetary Scintillation) LI, %% B Fl G BE 4K R
F Helios WEMI%rHE. Enlil™ g = 4R35 A FH R
BN 0.1AU &, RAMEIER TVDLF (Total Vari-
ation Diminishing Lax-Friedrich) Z4r#&=. Wil
ALk WSA (Wang-Sheeey-Arge)(® 5, MAS
(MHD Around a Sphere model)*0l H 255 &
WSA B DDGERWL R W R A, F PFSS
RUARAS H B RGy, MIEEREL (@A 2.5R) B
MR 1 LA B R esk Ly R A S A st
HIMAEER 0, MR AR E HE— R ALK
FH R Ze 3t I 2 )5 0 B 3 B2, AT DA SR T #th 35k
FFT 14 K FH X BE R i . AR IR0 6,
0 S 1 S AR W TE R B 1 2 TR B o
AF R M. Wiengarten % 17 )\ 10R, HEF
Jil CRONOSI™! sk =4mf28 MHD, P15
K PH R M@ A8 (Surface Flux Transport,
SFT) 9 FHIE R B3 Fr A8 (Current-Sheet Source
Surface, CSSS) 20 #§A4155], SFT HiR i A FHE T4
H i sRAE A AN TSI K FH R H G E i, 2 )58



ROARF REARA SN MAET SR SAT ZFRK MR

1t CSSS Hi{EAF 2 NI R LML), Hofth IR KH
R SE IR € 7] 275 30k [11-12]. R 5 LFM
(Lyon Fedder Mobarry)?! EI R =Y TVD &
%, LFM-heliol?? R ] =4f748 MHD A\ 0.1AU H
K, MO E] 2 AU. Wi G B PFSS BiAI1SE], Y
MR B OR ] WSA B 19 153 &8 TR K
T Helios ¥4 2% th &0 A A5 2, LA W B e
RENM T —B (nT = noTy) 55 Riley %5 10 Jis
XIS R F AT, HEZXIE 1~30 Rs R MAS
MY, 4T B BR AN 30 Ry H AR F =4t 2E MHD, FH]
H BR300 2574 FBR e 2l X U2 SR i, e A
M3 Z BRI I, IH e JtERR IS S5, I
TG 1 2R 6K IR i T P BE A (E 2 3L 5, et 3))
TS EAR RN F AL FE TR, SESFEGE]
W FANREE, Wil F ARG Bt H 2 45 R
HHESR. Wu % P4 T HAFV.2 (Hakamada-
Akasofu-Fry) 25+ MHD By AFH XL, HAFV.2 % F
— P2 SRR R RS EH 2.5 Ry #Y TR SR T 4
#F| 18 Rs, 153 18 Ry LM AR AT BB =4ERT
A MHD By R 4%, TR AP Lax-Wendroff
FEor T IEREUAT BB R FH X

AT BRI RHXGE 7T LR A 2 &8 MHD AL
B, ERRATBF RS R AR, O A48 AR 4 Hh 7 42
F| 1AU LRI XS R BEZEA, T HLRB ST 15 2
B, Pizzo% R MacCormack ZE4MH& 23R
S MHD J7 g, BAFTE T SRR 35 45 i Xt
1T B BRI AL R e, & B RE A% AR 4 Hh S
=R A R R E S5, XA 7 R 2 )
S AT, I 35 Ry th RTEAR ] J7 1] L kK
FEEINN N ORGP I 2 i s, Il B R A
EHHERES AT, HET Pizol~2 Xt
A MHD FREMEIH, Usmanov Ml Goldstein[28—2]
B H == (8] 5 AP ER s> H &9 (1~10 R,) AT
BIR#E 4 (10R~1AU). —F ¥R MacCormack
ZoHER, H B K =4Emt 2 MHD, 17 B
5% Pizzol®5~27 R EA MHD Rfg, Hpib
Foeeh H BRI RIEESR, RABIIKNE
HIACBH R LA R G345, Usmanov 1 Goldstein!Y)
[F]HEK H #hZ= (/] 40 o H B XK (1~20 Ry) FIATE
FrX 3 (20 Ry~10AU), tT HEXECRF TVD
Lax-Friedrichs(TVDLF) #%, 17 BBr X it 5 F 3¢
Bk [28—29], B =ZEKFH KM IR H L R S Ul

775

ysess WLMILA Ko WSA #4177 HAL, SREBREE
TR SV G BAF. Feng 55 B17320 4241
i) COIN-TVD (Corona-interplanetary TVD) #iz{%
A H ZEH4F MHD 25547 BFr S MHD 724, 76
HZ X, 5/ TVDLF sPfEZ50 38 X 15 B i
)20 01E, PRG35 1 MacCormack 1T RIA%
BTG R e, IXRE AL R W] (RS JO IR A5 1 0 1%
ZRFRTEBMTK T, TR T B R 22 A K 0H ] Mac-
Cormack T #&=RAEE S MHD J7f4H, B2 =4
KRRNERHARXE HEEMTE 1 AU 45 Ulysses Wi J
A—3. Han %8 8] ZEBRABFT T R Al Lax-Wendroff 22
RN 18 Ry A B T @ AKX, i Ft
YHEEYR SR AT E, R R IR
ZRAERBE T =4Emt 2 MHD sl &R 12, s
R T Z 2% MHD 35 A SRS K XS 5t
HIAH EAEH.

ETATERR RN EZR MHD B S, A3
M 0.1AU H &, FJFH MacCormack ZE4MH& = TEBRAR
Fr T RAREEZ MHD 24, KA Feng & 33 ik
FIANKIZ NS RGORREABRTE 4 A 75 B4 73K %,
B 1922 RAREIE (CR1922) B8 37 KFH XS,
HCBCHF I T JLFT B BRI FH XU 7 25 1, RS R
5 Ulysses #1 ACE JRill#e47 H %2

1 Pl TR

R R AR B MHD Jr 241 i
Ry 2

OF r 0G  r OH

el - — =S. 1
or " sin0 00 | smf 09 (1)
Hr,
r 72 po,
—B?2+ B2 + B?
2 2 r 0 [
r (ﬂvr +p+ 5 )
r2(pv,ve — B-By)
72 (pvrvy — BrBy)
F =

2B,
72 (v, By — vo By.)

r? (vrBg — v By)

H+J



776

H

J =1?[Bg(v, By — v9B;.) — By(vg By — v, By)];

X = 2rp + pr(vy +v3) + 1B} — pGM, — 1 pf (1),

2
_ 2 pv- ’YP)
T"Ur(2+—7_1,

sin @pvyg, .
sin 6(pv,.vg — B-Bg)

B — Bj + B}
)
sin @(pvgvy — By By)

sinﬁ(pvg +p+

sin 0 Bg
0
sin 9(1193¢. - ’U¢.Bg)

C+D+M _

2
Czsinﬂvg<ﬂ+£),
2 v—1

D = —B,sinf(v,.By — v9B,),
M = By sinf(vgBy — vy By);

PV
pUrvy — BBy

PLYVy — B9B¢

B? + Bj — B}

p’l)i +p+ fq&

By

U¢B@ — U9.B¢
0

o4 —{—D/ —{—M' |

2
pv P
N (]
(% 9 +7_1

D/ = BT(U¢BT — ’UTB¢),

MI = —BQ(U9B¢. — ’U¢Be),
0

X

Y

A

0
r(v. By — vgB,)

(v By — v By) + r(ve By — vy By)coth
—pu,GMs —12pv - 2 x (2 x )

Chin. J. Space Sci. FEAFFR 2014, 34(6)

rB2cotd

Y =rpcotd — rp(v,vg — Uicote) + 5

(B, By — Bjcotf) — r’pf(2),
Z = —rp(vpvp + vgvgeotd) + r(B,By+
By Bycotf) — r?pf(3).

XE f=22xv+2x (2x7),v=146; p K
JREEE; v = (vr,v9,v5) A 7,0,0 J7 R FLAE
[E; B = (B, By, Bs) RE=AT MRS p Ik
I |2] = 2n/27Trad-d™! AKHEAEE. UL
FEMKE., BE. @Y. £E. BEFMERD
RATENSE Lo, po, Bo, vo, To, Po H—4LALEE. X
H Ly =6.963 x 108m HKFAER, po = 2. x 10° x
1.672x 107 2"kgm ™3, By = 1. x 1079 T 4352k 1 AU
RERFH RS B iR LR 2 R R E E, HARTEN
SHB X = A HEARERTR, vo = Bo/Vir X po,
Ty = v3/(7Ro), Po = povd, XH Ry = 1.653 x 10*
BWHEE, n=4 x10""7.

2 MRS MIRHE T

2.1 MRS

HHEXIHH [20 Ry, 220 Ry] x [0, 7] x [0, 2], K
SCHR [33] W7, KBRS MAR R M 7S B AT
B, NFZIAEES, WA 1 PR, Feng % 13533735
HIRBIAZ F MRS, LM RGE BRI T R IX
IO 5 WAL SHC T R, X T A% 2P T, HLAE 38 5 S FH XL
B BR5E I B IR LB T 2T RS T/ 1T

B 1 BRIN A HIERI 0 RS

Fig.1 Partition of a sphere into six identical

components



ROARF REARA SN MAET SR SAT ZFRK MR

HABER. [ 1 iy &E— Fr 3 o] & R ML R A Bk
FE RIS, TEBRAE AR T & Fr BRTH XIB0H

(%—5<9<%+5)m(3—”—6<¢<5—ﬂ+6)- (2)

A, & F— KM ?H%%ké’]d\%u%ﬁ/\ﬂ‘
Mk ZRIEES, it XE#Eim (2) 2
HRE HTEAF B BRALEARR T, @—Hﬁ*ﬁﬁiﬁéﬁ
£ (0,¢) ZEZE—NHI, 75 Fr Z [ A 4R ] DAAH 552
e B3 3EF (0, 9) BZRBEHL & X8 EiH
R RAT

95 = omin + ]on
Of = bmin + kAP,

Hr,

jzovla"'
k=01,

,No + 1.
s Ng + 1.

Af = (emax - emin)/(NO - 1)7
A(b = (¢max - ¢min)/(N¢ - 1)7

I =1,2,--,6 ZAIFRRN R KIS, Ne M Ny ﬁ%ﬂ
ﬁ%ﬁ%ﬂﬁérﬁéﬁmﬁ%é&ﬁ Omin = Z’ Omax = Z’
Pmin = I’ Pmax = T A SCR ARSI Mg K,
AG = A¢p =1.5°0,¢ 5L MFEECH 120%240.
2.2 HEHZE

BRI EZ IR MHD 7 RRAFHIEE N %2R
SR, R R R AU AL Y, X T AR AR T LR
Ry )k, =2kl RUAE T LA R AL oA eI, AR
K BB 7R AW ) MacCormack 2408, &
(LSiZF W/ I

Fip=F + Ar| (G}

Rgsing Gk~ Gt

r

Koaing e — HL) + 87,
(P g (S
o) + mgsimg (Foe — Hjn) +83,] |
o Ar < min (=0 B2 .01)
TS X el max A’

X e, N GHIN 0, ¢ FIMAIEE, B)Fdh FiL S
BIHAA L UL = (p,vr,v9,v4, Br, By, By, )"
MacCormack Z &8 Mg, BEIRGHE, it
APRBEMAN LR AR XER

T

F Lapidus A R#ERTIE B0, 31 4L R Z 4R
RS0 BN, X P Ikt AR, B

Ar
* n+1 n+1
Ui =Uji +b1( AG) o84
n+1 n+1 n+1
0J+k (UJJ:Ll kT UJ lj )

n+1 n+1

|U93 E~ Vgi—1.k (UnH U;L+11k)]

Ar

U;’z :U;’k + bz(r sin9A¢> {lvz’j’k"'l_

Ujk)—

~ Ui

v¢]k|( Gk+1 T

Vask = V-1 (Uj

n+1 *k
UJ v =Uik

Her, b by KHFESE, ASCTHEAFSHIER 0
A1 0.01.

3 MIRRAI T AT

RAE R AT 0.1AU AW R RIHEE T
W U128 37381 ARSCHBHER T 5 FipIaRn A A
B

B 1 WHFEESH Odstrcill #7773,
H:

Hi v = 285 x 103km-s™!, vmax = 575 X
10% km-s ™" 43 3R 78 K BH R /NI e KR B fs
JER R F, YRR E AL T 2.5 Ry, MRBHZREH]JE
Kl LAE—x O = (r,0,¢) WEKETH

Ro\2 B (R.,0s b

;0.0 = () iy

HH, R Ml Ry 43 AFRAR KRR F2;
Br, 1 Br,, 3R KHRE AR 2T 0 R 58
(0s, 0s), (bss, bss) AL O = (1,0, ¢) HHEGZ T
AAESCERB AR 092847, B (7,0, 0), (Rs, b5, ¢s),
(Rss, Oss, dss) = RIE—5MEN 2R L, TR LASMY T
M FA B HIERE Lo mtERE. AR S
2% Hayashi % B8] 321

By(2.5 Ra, 0, ¢+¢)(22§) .

HA, B.(25R,0,¢ + ¢') FRanl PFSS i+HH
WEHAETRRTE 2.5 R WA, o AEBAE (&

B, (20 Rs,0,¢) =



778

A 400km-s™" FEEEAGTE, WIERTE 20 R, KF
FEL) 6°). By WBITRIHREH HEAEE, By
AR AR B B 0, f S <P IEHE 15 2]
W, M IR B WAL, BT

vg =0, Byp=0,

v = 2Rysinf, Ry =1.5R;,
By = (By/vr) (v — 2Rgp, sin ),
Ry, =20 Rs,  p = Fiass/Vr.

2:7% Hayashil®® KFHZEH T2 R 8 7
(NV,) = (6~10) x 108km -5~ ! - ecm ™3,

BEKRHFEMT Fuass = 6x1.67x107%m-s~ 1. kg-m~3,
HEMT 1 SFIEAE R 72 Frnass 55 0.1AU B Foass.
P = Piotal — BQ/(87T)7 XH Pota HRAESREER S

R 2 WHFHESS% Owens SR P,

A
Vpr = Uslow T 0-5(Ufast - Uslow)'
{1+ tanh[(f, — a)/w]}.
Hi, o = 2.86m/180 RREBEKNEE, © =

2.5m/180 FR & XIBRAHI 56 L 0, FRm KR
T 2 iy 5T K s/ MESE; FIRETRERTE LASL o,
AT GIRREAF; vpast = 650 x 10°kmes™,

N/cm—3

Case 1

latitude/(°)

50 100 150 200 250 300 350

latitude/(°)

latitude/(°)

50 100 150 200 250 300 350
longitude/(°)

700 50
600
560 0
520
480 —50

50 100 150 200 250 300 350

50 100 150 200 250 300 350
longitude/(°)

Chin. J. Space Sci. FRAFFI|/ 2014, 34(6)

Uslow = 289 X 103 km-s™* ﬁ%ﬂ%ﬁ?’&ﬁﬁ*ﬂ‘lﬁﬁﬁ
B E . HR SRR FE SO 1.

1B 3 PR HEESH McGregor % 2% 77
%A

U = Vot

| loosen ()]

Hdr vy =285 x 103km-s~!, v; = 650 x 103 km-s~!
F R AR KR/ HURCRE BE; FIRE £, 0 733N
AR F AR /N SR ¢ = 2.87/180, B = 1.25 435k
RE T 8738 AR 0 52 B A X O XU Y S
HAZBOERFEEL 1.

1890 4 TEMENL 3 MZERE LB R Mg Bk,
HRASBRFALE. ZHCRAH PFSS AT R
EREGTEIRRE DL LR BT R i, XES
2% Zhao fl Hoeksemal*! {) HCCS #iA B #5113415
BN F LA .

1890 5 FETHOL 4 RYFERE b R0As % BE AR B Y
BUg. BEMIRE 2% Odstrcil #1 Pizzol*! §y771:,
B p = pslos/ve]?, T = Tops/p. Horft, BEFSEL
B ps = 2000cm 3, v, = 300km-s~!, T, = 8 x 10° K.

4 BER
HERR CR1922 HEATHEHL. 1 2 45t THE0 1~3

v /(km-s~1)

50 100 150 200 250 300 350
longitude/(°)

B2 HHPSEE N, 3E o #IRE T 78 1 AU 8895346
Fig.2 Simulated number density N, radial speed v, and temperature T at 1 AU



ROARF REARA SN MAET SR SAT ZFRK MR

BIUR) 1AU %R, #EEMNRES M, TEdR
TE RN Y P B I B8 SATGRLBE 9 K BH X6
¥, 5K 1 AU B RFHX B HE Y& HIE 2
AIUAE , 1B00 1 IR % B . AR B A K E
TE 1 AU RREAIK, 180 1 S REEAE 600 kms~" Z2 Ay,
THOL 2 R EEAE 720kms™ Zofy, 1500 3 SR
BEAE 800km-s~" ZeAy, [FlHE % BRI BE Ay S R AE AR
EMET 1 TSR, B0 3 Bk

B 3 BEML 1~3 BEIAE RS Ulysses W45 5
AT T WS B 3 FTLAE ), TEaRERT I B s
BE AR EE | RIRSFRHE, SYLIAESE. K 3 ATLLE
H, =ZFE R E AT WIE, 1B50 1 5 RT
B EEMRERAHEN 2 50 3 WML,
LSRN ZZ R, FE 0L 3 B 4 SR B0 T Ho A P Fh,
X TREG = FMB IS RE S, (5 Ulysses WM
WG e — 2 257

Bl 4 25 PR BN 1~3 B4 RS ACE W
SR B 4 FTRE S, E0 1~3 B R
B EA AT EIENT T ACE W, 7658 5 REFEE
BFNE—NEME. H 1~3 TR AL
THMME, BARAFHIES] T B — BRI, (H2
P25 ARG B ME(E. X TR

Case 10— Case 2

500 50

779

9, JLRhRA R WL R R ERA KR, JTHM T
WYL, B LE RN B, fHAE 0 BT sh AR, X
ARE 5 R I #Y PFSS BT ARG 5%, PFSS i
BRI R =4 E SRR, BT
EFXTIE 3 FIIE] 4 gty S UL A 22 0 I ARG
HATHCEE. BTN 3 BN SRR T A I Fh, B
DIZZIBAENE I 3 2emt EUG#mE Wil R SRA Zhao
1 Hoeksemal*®l ] HCCS AL & FSEH PFSS £
BIREH R 755, Bl 4.

Bl 5 45 TR AIMEOL 4 Wl A 25 a4 21
5 Ulysses MEMZ5 Ry SE 3 X H &,
W EEANREANK, U ] B S
BILZE IR, Wi 1 (i (E 8 LU ACHA B, S5 L X LA
FAREE, FrLAXT BTt 78 MR ] HCCS e Al
BH BT PFSS R AR

Bl 6 25t TR AEOL 4 WIS 5 ACE
SR ZE R e, S5 4 T LEH, EE S
AT BARKEE, BUUSE R P B 0w I (E,
T B ARG 37 4 A ¥ A5, B0 1) UL, L M
Bl 4 B, R AE O [ERT A 3l T XmI{E, m
Kl 4 FREGEREAYERTE 0 £HEA T 283 A
Bl 5 ATLAE H, 2 AR & -5 At 75l 2 4

Case 3 —%— Ulysses —%¢—
1000
800 E
- 700 E
w600
8
< 500
&
&
400
300 . . L
=50 0 50
6/(°)
10 F
=
S}
o=
q

B 3 =PGRS RS Ulysses MLMISERAY LB

Fig.3 Comparisons of model results for Case 1~3 with Ulysses data



780 Chin. J. Space Sci. FEAFFR 2014, 34(6)

Case 10— Case 2 Cag,eo3 —— ACE —%—
5

600 |
550 |
500
450 ¢
400
3mfﬂm
300

250 F
200 E

N/cm—3

v,/ (ks 1)

T/K

B,/nT
o &
[T T T T
F
=
Sc—

Pl . ‘ ezt e
5 10 15 20 25 5 10 15 20 25
time/d time/d

B4 =FiEo R s el 45 RS ACE WLIN4E Ry
Fig.4 Comparisons of model results for Case 1~3 with ACE data

Case 4 B Ulysses %—
25k 800

700
600

N/cm—3

500 +

v,/(km-s~1)

400
300 £

S0 0 50

5E

T/K
B,/nT

-50 0 50

6/(°)
B 5 1500 4 BB S EIRY SRS Ulysses WIS KA L

Fig.5 Comparisons of model results for Case 4 with Ulysses data

PR 22, HULTEEOL 4 2R EXf NI A EERM 0L 5.
IREHITIE, BEAEES% Odstreil Al Pizzol*] Bl 7 & TRAN 5 Wl RS R
R, 705t S RSP EM RS EAE]L B2 4 Ulysses SIS R HAL. @t RECRTLAE H, B 5



R BF RLERASHRET R A4 ZIH KB REEM 781

Case 4 B— ACE %
700
650
600 E
550
500 E
450 f
400
350 ¢
300 £
250 £
200 t L

N/cm—3

v,/ (km-s~1)

T/K
B,/nT

_05 | 1 P I I
S 10 15 20 25
time/d
B 6 1f0 4 BIMZRYE ACE WLINZSRA

Fig.6 Comparisons of model results for Case 4 with ACE data

Case 5 8- Ulysses %
900

800 - |
700
600

v,/ (km-s~1)

500
400

300

10 ¢

T/K
B,/nT

50 0 50 50 0 50
6/(°) 6/(°)

B 7 fE0L 5 BLE RS Ulysses LIS RAY L

Fig.7 Comparisons of model results for Case 5 with Ulysses data

KB R ARG R GGG R B4F. JC R Odstreil f1 Pizzo™ SR % B, BB AR
HRHEMRERG R SMNGREMYE. BTRL S 0F, SREeRr 3 bl i 4% B a8 UESHETS



782

B RRAD 27 R B -

Bl 8 4 ih TR AIMELL 5 IR SRR 1 AU
A5ERE ACE SIS Ray oA, AHELIE 6 PR
AR 1 AU Ay AT 4 RA ek s, & 6 s
PRELH ACE LI i 7, 152 B PRI (L LR AR, BT 8
P 7R BEA BT T e, BT 3 B3R JBE A1 2 JEE Hy 2 — i
EHE 6 fim, lgEA SR 6 RF—2

B9 Zaih T RAMEL 5 AR AR RS R 1E
T AP R A S LR 3 A1 BT 9(a) W LA
. B TR B, 17 B ST RIE T R e
Rt T 9(b) ATLAE i, FERHBME,
Ty e 8 T o 0 L [X, RO R R T AR BRI

5 ZEie

K AT EPR R RUEZS MHD Bl ik 4[]
R, 0 T R, SRS A MRS RGEEAT AT,
AR G T DX BT A A e SR T, R Mac-
Cormack ZESM AT, I 1922 FARE 3
TR, IR R0 SRE B, WL R
KPHXGEBER S McGregor 48 P31 g SIZ KA T f,
L /N 0, ARIERAK, #FKA Zhao

Chin. J. Space Sci. FHAFFIR 2014, 34(6)

A1 Hocksemal®®) ) HCCS LRSS, T %% BEAIR
K H Odstrcil fl Pizzo*! $2H IR, BI%5 Rt 3)
HSFEGR, BE RS ERS], XS 2
ZER 5 ACE K Ulysses W25 RWY& & 1F.
BEHE T Odstreil™ fl Owens 25 B7 7 Mc-
Gregor % 23] 45 52 i = FhoAR ] P9 332 57 K BH XU B Xt
ITEFE SRR, HRSHBNE—2, 4
REIRF McGregor %5 1231y py 371 5 A BH XU B
53| By AL 45 SR LU AR R b oA 2 7 K B X3 2 7
ARG RERGE WM. (HE& 1AU A8 S
WM ZR K, BT PFSS RETE 2.5 R, ZJ5HY
St RN XX iR e &G Hn, H2
TE R A BE X PR 8 A5 3] B 45 R 5 WL 2 A A P A
BN E M2, FIRA Zhao F1 Hoeksemal40l
#) HCCS BB HH15 2| W R L, A& H PFSS
BARISRIM NI Ry, R BRX PN REE
HIERIE G B IR KN, AT & E S Ulysses XLMIAH
Hodse s, TR EEAIR. BRI TERTTE IR At L, 2
% Odstreil Al Pizzol*! EH Py 7% BEANREE, BT
PR KA XGE S % McGregor 48 H A 129,
W RS H Zhao il Hoeksemal® # 4 HCCS
BARUATF, T PN 301 4 BE F iR BE 2 2% Odistreil 1

- Case 5 H&— ACE —X—

‘3‘2 600 -

30F - A
7 asp T s00¢
£ 2 ol

10 k1) By E o, N

5E ® 300F "

0F o

) S I 1L Lo I 200 L

5 10 15 20 25 5 10 15 20 25
(x105) time/d time/d
15

4 F >L

3t l
X 3 \
~ 2 | =
& ! %

8] L
\
-10 \
-15

5 10 15 20 25
time/d

B 8 &M 5 MBI BRI RS ACE 45 Ry i
Fig.8 Comparisons of model results for Case 5 with ACE data



kOB F REARASA RET ZESATZIRA KL

__ sl

TR

100 0 100 200
z/Rs

783

200 (b)

150 v,/(km-s™1)
100 800
700
0 500
400
=50 300

-100
-150

_200 L a s o U g 1
-200 -100 0
z/Rs

s W I T 0 A
100 200

B9 o 5 BISEIMRER (a) Fl ¢ = 180°~0° T4 (b) #&l RARMEEAE 20~215 R {340 (/i kFom w77 1)
Fig.9 Model results for the magnetic fields, radial speed on the equatorial plane (a) and meridional plane of
¢ =180°~0° (b) from 20 Ry to 215 Rs by Case 5 (the arrow is the direction of magnetic filed)

Pizzo™ WX, M S ESFES S IR %,
B SR ESHEAR R N FRE. S5 R RBUAHAE R
TIRABIERIZE R S ACE & Ulysses W25 W)
GIRGF. RTEFTE—HAR R ZAL, Flan ACE W
MIFTLAE Y, B FEAE 1922 RARWUE K 20~25 KREHF
TE— TR R, (RTINS R AN A S e X e
B, S NG S ACE YLIAH A, R
# Ulysses LI RAIG, X865 Py 1 A SR B —Ee ]
SRR S H A L.

AUFFREN, BRFEABESEXES MHD =
ey PR, 5 Y B R R DX A P A A
AT DA 7 A 5 I A — B0 R RUBE R BH U544
Bl FEXRBXrEmNERL Fm 18R,)
TG SERR LI, &5 78 #9300 3 2 A T 7 A2 9 K BH XU 2548
5 1AU LAy SEH M AR E 2B BT AR, BUAEE i
FIR A B A8 H B i 2545 R A P X
AR R 44, i CORHEL, COIN-TVD #
A, L UM L P R e 00 A S N LR T A
. {H5 A FEAR MY B 1% 2 SIP-CESE MHD %#=;
HENKHERH 2 EERPEE SN H
(] ) = AR AL A

SEH

[1] Téth G, Sokolov L 'V, Gombosi T I, et al. Space weather
modeling framework: A new tool for the space science
community [J]. J. Geophys. Res., 2005, 110, A12226,

doi:10.1029/2005JA

[2] Odstrcil D, Riley P, Zhao X P. Numerical simulation of the

12 May 1997 interplanetary CME event [J]. J. Geophys.
Res., 2004, 109, A02116, doi:10.1029/2003JA010135

[3] Feng Xueshang, Yang Liping, Xiang Changqing, et al. Va-
lidation of the 3D AMR SIP-CESE solar wind model for
four Carrington rotations [J]. Solar Phys., 2012, 279:207-
229

[4] Feng Xueshang, Xiang Changging, Zhong Dingkun. Nu-

merical study of interplanetary solar storms[J]. Sci.
China Earth Sci., 2013, 43:912-933
[5] Feng X S, Zhang S H, Xiang C Q, et al. A hybrid solar
wind model of the CESE4+HLL method with a yin-yang
overset grid and an AMR grid [J]. Astrophys. J., 2011,
734, doi:10.1088,/0004-637X/734/1/50
Feng X S, Zhong D K, Xiang C Q, et al. GPU-accelerated
computing of three-dimensional solar wind background [J].
Sci. China Earth Sci., 2013, 56:1864-1880
[7] Han S M, Wu S T, Dryer M. A three-dimensional, time-
dependent numerical modeling of the super-sonic, super-
alfvenic MHD flow [J]. Comp. Fluids, 1988, 16:81-103
[8] Pizzo V J. Global quasi-steady dynamics of the distant

[6

solar wind 1 Origin of north-south flows in the outer he-
liosphere [J]. J. Geophys. Res., 1994, 99:4173-4183
[9] Usmanov A V. The global structure of the solar wind in

June 1991 [J]. Solar Phys., 1993, 148:371-382

[10] Usmanov A V, Goldstein M L, Besser B P, Fritzer J M. A
global MHD solar wind model with WKB Alfve’n waves:
Comparison with Ulysses data [J]. J. Geophys. Res., 2000,
105:12675-12 695

[11] Detman Thomas,Smith Zdenka ,Dryer Murray, et al. A
hybrid heliospheric modeling system: Background solar
wind [J]. J. Geophys. Res., 2006, 111, A07102, doi:10.
1029/2005JA011430

[12] Detman T R, Intriligator D S, Dryer M, et al. The influ-
ence of pickup protons, from interstellar neutral hydrogen,

on the propagation of interplanetary shocks from the Hal-



784

[14

[15]

[16]

[17]

[18]

[19]

21]

22]

24]

loween 2003 solar events to ACE and Ulysses: A 3-D MHD
modeling study [J]. J. Geophys. Res., 2011, 116, A03105,
doi:10.1029/2010JA015803

Hayashi K. An MHD simulation model of time-dependent
co-rotating solar wind [J]. J. Geophys. Res., 2012, 117,
A08105, doi:10.1029/2011JA017490

Odstrcil D. Modeling 3D solar wind structure [J]. Adv.
Space Res., 2003, 32:497-506

Arge C N, Pizzo V J. Improvement in the prediction of
solar wind conditions using near-real time solar magnetic
field updates [J]. J. Geophys. Res., 2000, 105, doi:10.
1029/1999JA000262

Riley P, Linker J, Miki’c Z. An empirically-driven global
MHD model of the solar corona and inner heliosphere [J].
J. Geophys. Res., 2001, 106(A8):15889-15901
Wiengarten T, Kleimann J, Fichtner H, et al. MHD simu-
lation of the inner-heliospheric magnetic field [J]. J. Geo-
phys. Res., 2013, 118:29-44

Holst B Van der, Poedts S, Chané E, et al. Modelling
of solar wind, CME Initiation and CME propagation [J].
Space Sci. Rev., 2005, 121:91-104

Jiang J, Cameron R, Schmitt D, Schiissler M. Modeling
the Sun’s open magnetic flux and the heliospheric current
sheet [J]. Astrophys. J., 2010, 709:301-307

Zhao X, Hoeksema J T. Predicting the heliospheric
magnetic field using the current sheet-source surface
model [J]. Adv. Space Res., 2005, 16, doi:10.1016/0273-
1177(95)00331-8

Lyon J G, Fedder J A, Mobarry C M. The Lyon-Fedder-
Mobarry (LFM) global MHD magnetospheric simulation
code [J]. J. Atmos. Sol. Terr. Phys., 2004, 66:1333-1350
Pahud D M. An MHD simulation of the inner heliosphere
during Carrington rotations 2060 and 2068: Comparison
with MESSENGER and ACE spacecraft observations [J].
J. Atmos. Sol. Terr. Phys., 2012, 83:32-38

McGregor S L, Hughes W J, Arge C N, et al. The distri-
bution of solar wind speeds during solar minimum: Cali-
bration for numerical solar wind modeling constraints on
the source of the slow solar wind [J]. J. Geophys. Res.,
2011, 116, A03101, doi:10.1029/2010JA 015881

Wu C C, Murray D, Wu S T, et al. Global three-
dimensional simulation of the interplanetary evolution of
the observed geoeffective coronal mass ejection during the
epoch 1—4 August 2010 [J]. J. Geophys. Res., 2011, 1186,
A12103, doi:10.1029/2011JA016947

Fry C D, Sun W, Deehr C S, et al. Improvements to the
HAF solar wind model for space weather predictions [J].
J. Geophys. Res., 2001, 106(A10):20 985-21 001

Pizzo V J. A Three-dimensional model of corotating
streams in the solar wind 3.
streams [J]. J. Geophys. Res., 1982, 87:4374-4394

Pizzo V J. A three-dimensional model of corotating

Magnetohydrodynamic

streams in the solar wind 2. Hydrodynamic streams [J].
J. Geophys. Res., 1980, 85:727-743

(28]

29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37)

(38]

(39]

[40]

[41]

Chin. J. Space Sci. FRIAFFI/ 2014, 34(6)
Usmanov A V. Interplanetary magnetic field structure and
solar wind parameters as inferred from solar magnetic
field observations and by using a numerical 2-D MHD
model [J]. Solar Phys., 1993, 143:345-363

Usmanov A V. A global 3-D model of the solar wind [J].
Solar Phys., 1993, 146:377-396

Usmanov A V, Goldstein M L. A tilted-dipole MHD model
of the solar corona and solar wind [J]. J. Geophys. Res.,
2003, 108(A09), doi:10.1029/2002JA009777

Feng Xueshang, Wu S T, Fan Quanlin, Wei Fengsi,
Yao Jiusheng. A class of TVD type combined numer-
ical scheme for MHD equations and its application to
MHD numerical simulation [J]. Chin. J. Space Sci., 2002,
22(4):200-208. In Chinese (%1, Wu S T , JE&Ak, 2%
B, B —28 TVD BAEES kIR ASE T
RN [J). ZSTERME2ER, 2002, 22(4):200-208)

Feng X S, Xiang C Q, Zhong D K, Fan Q L. A comparative
study on 3D solar wind structure observed by Ulysses and
MHD simulation [J]. Chin. Sci. Bull., 2005, 50:820-826
Feng Xueshang, Yang Liping, Xiang Changqing, et al.
Three-dimensional solar wind modeling from the Sun to
Earth by a SIP-CESE MHD model with a six-component
grid [J]. Astrophys. J., 2010, 723:300-319

Feng Xueshang, Jiang Chaowei, Xiang Changqing, et al.
A data-driven model for the global coronal evolution [J].
Astrophys. J., 2012, 758, doi:10.1088/0004-637X/758/1/
62

Feng X S, Yang L P, Xiang C Q, et al. Numerical study
of the global corona for CR 2055 driven by daily updated
synoptic magnetic field [J]. Astron. Soc. Pacific Confer.
Ser., 2012, 459:202

Matsumoto H, Omura Y. Particle simulation of electro-
magnetic waves and its application to space plamas [J].
Comput. Simul. Space Plasm., 1985, 1:43-102

Owens M J, Spence H E, Mcgregor S, et al. Metrics for
solar wind prediction models: Comparison of empirical,
hybrid, and physics-based schemes with 8 years of Lp
observations [J]. Space Weather, 2008, 6, S08001, doi:10.
1029/2007SW000380

Hayashi K, Masayoshi K, Munetoshi T, et al. MHD
tomography using interplanetary scintillation measure-
ment [J]. J. Geophys. Res., 2003, 108, A03102, doi:10.
1029/2002JA009567

Hayashi K. Magnetohydrodynamic simulations of the so-
lar corona and solar wind using a boundary treatment
to limit solar wind mass flux [J]. Astrophys. J., 2005,
161:480-494

Zhao Xuepu, Hoeksema J Todd. A coronal magnetic field
model with horizontal volume and sheet currents [J]. Solar
Phys., 1994, 151:91-105

Odstrcil D, Pizzo V J. Three-dimensional propagation of
coronal mass ejections in a structured solar wind flow 1.
CME launched within the streamer belt [J]. J. Geophys.
Res., 1999, 104(A1):483-492



