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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.
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0��jÆ/�p"g4YS�=}L#�.J��!QQhoH, MHD ��Æ/�p"g4hHum�8w, �$o� MHD �<hB�/YS��!t:��F)t:g4(&Q[J��!��m�{�kHu`�, "(*z�4fwN;M.�$, o�8ZhF)?(t:���UMu	T|KJ�h1��CQ (CSEM) D�hJ��!�U�A (SWMF)[1]�|Ku;J��!��CQ (CISM) D�hB�TB+0F)�p"�U (CORHEL)[2] |vCKJ��!bK�HqXmeh�p–YS�–oN�! (SIGMA)g4ZD�h�pYS�o^�!�F)�p"�U (3D SIP-

CESE MHD)[3−4]. �E0N�U��t:1^vg4(,I-F/B [5−6].�YS�J�:Q�:�����0�,�8A(( 18 4�p�2 (Rs) **, �Q+0�ht:��u�B����\f
. ℄( 18Rs J7�F., 06QJ�#��h9yYUwyS.�$Æ�#hJZI|�PdF3dXA, wFyV��p"F.h-m=^ [7−8], nwF+�B�0� 18Rs Jh���M6FYS�J�hÆ�#�� [9−10]. ���YS��p"h��I|+�F)U� MHD (Y, ^C Detman k [11−12]h HHMS (Hybrid Heliospheric Modeling System)�p"�U+� Lax-Wendroff2�1^��F)U� MHD, |�0�S 0.1AU a 1AU, Æ�#JN6�PB:Oh2IF.N6+����to��U (Source Surface Current Sheet, SSCS) (Y9y,

SSCS �Un?8: PFSS (Potential Field Source

Surface) �Um4��� 2.5Rs Jh2IN6 Br,(�-!| PFSS (���Jh Br h?�:`(n*�#��U, V���a5*�hb6!, fa���"�}+�hN6. Æ�#h��o6-tw;i-m=^6F. (/B [11−12] hoHJ,

Hayashi[13] S 50Rs F�+� MUSCL (Monotone

Upstream-centered Schemes)2�1^�F)U��p"(Y��,"�#Ua 6AU.�CÆ�#2IN6 PFSS�Um4��� 2.5Rs Jh2IN6 Br,(��P 1/r2 w�|�FÆ�#hN6. (g*~�� 50Rs J�p"hw`�A, Hayashi[13] �N6I|�z 14◦. Æ�#h�p"��yV� IPS

(Interplanetary Scintillation) F., }�T-�yV� Helios F.t:. Enlil[14] hF)U��p"�US 0.1AU F�, +�℄6h TVDLF (Total Vari-

ation Diminishing Lax-Friedrich) 2�1^. Æ�#���P WSA (Wang-Sheeey-Arge)[15] n MAS

(MHD Around a Sphere model)[16] B��UU9y.

WSA �U|H+gIN6F.(qD, � PFSS �UmfB�N6, 8:���J (�8( 2.5Rs) h�.�T|vN`C(H+JhYq�D�6�#h�=Y θb, \�-m=^9yV
wq�Fh�p"-P��8ah℄E��, I|�U�.o+**h�p"��TN6s[. \��.�TT θb9y��h|Ev-8(t:�Uh sn*�qDC+� [4]. Wiengarten k [17] S 10Rs F�+� CRONOS[18] -!F)U� MHD, Æ�#N6�P�p���eLq�U (Surface Flux Transport,

SFT)[19] T���to��U (Current-Sheet Source

Surface, CSSS)[20] Xfa, SFT�U�p[Tt��t`(qDS�fa�p��hN�e, 8a�



* ��: �+�$��"�%�#�!'&� )��� 775P CSSS1:faÆ�#JhN6,��Æ�#�p"o6-th9yI-F/B [11−12]. +�� LFM

(Lyon Fedder Mobarry)[21] �rh/� TVD t:��, LFM-helio[22] +�F)U� MHD S 0.1AU F�,"�#a 2AU.Æ�#N6 PFSS�Ufa,Æ�#��+� WSA �U [15] fa, kYT�}�yV� Heliost: [23] -m=^fa,-��P�y>d�'w> (nT = n0T0) fa. Riley k [16] ���0��(d4*�, B�0� 1∼30Rs +� MAS�U,YS�S 30Rs F�+�F)U�MHD,\�B�N6h�A"�y��0�/�o, (D6T�68�m�o, S�9yH+0ho6-t, "kN`C�H+0ho���1:aÆ�#, �P}eo^faÆ�#JhkYT�}�,>do^faÆ�#J-�,Æ�#JN69�B�*�h�M1:fa. Wu k [24] +�g HAFV.2 (Hakamada-

Akasofu-Fry)[25]+MHDh�p"�U, HAFV.2+�wF$}b�U��p"-t 2.5Rs h��� (a 18Rs, fa 18Rs Jh�M`(YS�F)U�MHDhÆ�#��, (�+�d) Lax-Wendroff2�����YS��p".��YS��p"iI|+�y
h MHD ��, X�hg4�M��, �&'�C\Ro%Ra 1AU Jh�p"VA��A, �&�[|�P<f|�g. Pizzo[26] +� MacCormack 2�1^-!y
h MHD �<, ��g4gw`N6�A�YS�?Polgh�F, �A��C\Ro��F)?PohVA��A, 0F���^�yN6�o6�Y, S 35Rs F�(2I�IJ (-!,"&�D?;+[GL�r$, Æ�#J��8Ze�-m8Z-t6F. o� Pizzo[26−27] �y
 MHD �<h��, Usmanov T Goldstein[28−29]�BoJ��(d*�: B�*� (1∼10Rs) TYS�*� (10Rs∼1AU). /�+� MacCormack2�1^, B�*�-!F)U� MHD, YS�*�-F Pizzo[26−27] +�y
 MHD -!, �Æ�##5B����M1:fa, ℄EfaVA�h�p"|vN6�A. Usmanov T Goldstein[30]�r�BoJ��(B�0� (1∼20Rs) TYS�0� (20 Rs∼10AU), ��B�0�+� TVD

Lax-Friedrichs(TVDLF) ��, YS�0�|��/B [28−29], ��F)�p"�A"���M� Ul-

ysess F.|v WSA (Yg��, �M�`kYT�TN6-t�0X�R. Feng k [31−32] Fh COIN-TVD (Corona-interplanetary TVD)�^+�B�U� MHD �XYS�y
 MHD �<Z, (B�0�, ?� TVDLF o^2�1^|�FOU�)h:, '�N6*�� MacCormack �U1^h|��M�jv,0rJZI[N65���h92
�(��y�, �(YS�J�0�\� Mac-

Cormack�1^-!y
 MHD�<Z, fahF)VA��p"Æ/�A( 1 AU J� Ulysses F.o�w>. Han k [8] (+a�=+� Lax-Wendroff2�1^S 18Rs F���gy
�p"�A, Æ�#8Ze�+�-m=^(Y9y,���M`(D\��Ug4F)U�MHDh=}L#P<,���M��g(% MHD $�&�#h2
�p"Æ/hDb`�.Æ�YS��p"y
 MHD��h�q, �/S 0.1AU F�, \� MacCormack 2�1^(+a�=-!y
 MHD �<Z, +� Feng k [33] nR�Dh
�$1;��54+��(rN"Y-!,��p 1922Bj�J (CR1922)hÆ/�p"�A,��g4gzFYS��p"Æ�#��, "��M� Ulysses T ACE F.(Y��.
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H =









































ρvφ

ρvrvφ − BrBφ

ρvθvφ − BθBφ

ρv2
φ + p +

B2
r + B2

θ − B2
φ

2

Bφ

vφBθ − vθBφ

0

C′ + D′ + M ′









































,

C′ = vφ

(ρv2

2
+

γp

γ − 1

)

,

D′ = Br(vφBr − vrBφ),
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X = 2rp + ρr(v2
θ + v2

φ) + rB2
r − ρGMs − r2ρf (1),

Y = rp cotθ − rρ(vrvθ − v2
φcotθ) +

rB2cotθ

2
+

r(BrBθ − B2
φcotθ) − r2ρf(2),

Z = −rρ(vrvφ + vθvφcotθ) + r(BrBφ+

BθBφcotθ) − r2ρf(3).0[, f = 2Ω × v + Ω × (Ω × r), γ = 1.46; ρ (Be}�; v = (vr, vθ, vφ) ( r, θ, φ �Iho���; B = (Br, Bθ, Bφ) Z�F4�IhN6; p (>d; |Ω | = 2π/27 rad·d−1 (�pVP���. |J�<h9��}��N6����U�Td%� �5e.-t L0, ρ0, B0, v0, T0, P0 IwgJZ. 0[ L0 = 6.963 × 108 m (�p�2, ρ0 = 2. × 106 ×
1.672× 10−27 kg·m−3, B0 = 1.× 10−9 T � ( 1 AUJ�p"kYT�sU}�TN6:, ��5e.-t�0F4o�e `�U, v0 = B0/

√
µ × ρ0,

T0 = v2
0/(γR0), P0 = ρ0v

2
0 , 0[ R0 = 1.653× 104 (!�8t, µ = 4. × 10−7π.

2�&3f Wv<��
2.1 �lpj|�0�( [20 Rs, 220 Rs]× [0, π]× [0, 2π],+�/B [33] h��, �+��(D�hr�"Y|�, r�8��HX, C� 1 �`. Feng k [3,5,33−35]nR�D
�$1;�,+$1;��L!>gs0$1ja[Ts0$1�[4Æ,"&(dX�p"��h+H0�CnRXAg
��$1=h"Y

� 1 ,�s�%2Ald�a~
Fig. 1 Partition of a sphere into six identical

components
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r�$18��HX, {w�|�0��^ (2) y�,℄5V(&�h+a�;=, {w�(D�a�; (θ, φ) J�w49X, r�8�a�I|DbPg [33]. �� (θ, φ) hJ�YH, y�{w�Jh$1qC=:

θl
j = θmin + j∆θ, j = 0, 1, · · · , Nθ + 1.

φl
k = φmin + k∆φ, k = 0, 1, · · · , Nφ + 1.�C,

∆θ = (θmax − θmin)/(Nθ − 1),

∆φ = (φmax − φmin)/(Nφ − 1),

l = 1, 2, · · · , 6 � �`r�$1, Nθ T Nφ � (*IT-Ih$1t�, θmin =
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, θmax =
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. �/+��#h$1)9,

∆θ = ∆φ = 1.5◦, θ, φ �IX$1t( 120×240.

2.2 }ih�;|J6Fh MHD �<Z�4:�+5(Xt, �Q+�<x2Uh, 0r2Ia�I|E(U�L, F)4Æ8I|�g()4Æ. �UC+�ht:��(d)hMacCormack2�1^,<�X^C=:
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,0[ ε, λ� ( θ, φ�Ih�4:,℄a F n+1
j,k fao��e Un+1

j,k = (ρ, vr, vθ, vφ, Br, Bθ, Bφ, P )n+1
j,k .

MacCormack 2�1^(�,�, <�3_[, |�C_u�D?;+[U
�|�h2y[. 0[+

� Lapidus ?(SH�� [36], ��)|v
)No�`bo}, 0F��T��L, y
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j,k =Un+1
j,k + b1

( ∆r

r∆θ
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θj,k |(Un+1

j+1,k − Un+1
j,k )−

|vn+1
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θj−1,k|(Un+1
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( ∆r

r sin θ∆φ
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|v∗φj,k+1−
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j,k − U∗
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,

Un+1
j,k =U∗∗

j,k.�C, b1 T b2 (Iw-t, �/|�C� 4 0T 0.01.

3�E℄W�%��8:|'Fh� 0.1AU JÆ�#h9y�� [14, 23, 37−38], �/��g4g 5 FD\�#��h�[.zt 1 Æ�#��-F Odstrcil[14] h��,�:

vr = vmin +
vmax

f
1/1.7
s

.�C, vmin = 285 × 103 km·s−1, vmax = 575 ×
103 km·s−1 � �`�p"℄KT℄V��; fs (�.�T, ����y,� 2.5Rs, S�p��a���J�wq O = (r, θ, φ) h�.�T(

fs(r, θ, φ) =
( Rs

Rss

)2 BRs
(Rs, θs, φs)

BRss
(Rss, θss, φss)

.�C, Rs T Rss � �`�p�2T����2;

BRs
T BRss

�`�p��T���hN6%�;

(θs, φs), (θss, φss) (-Pq O = (r, θ, φ) hN6C� (H+0T���ha�, y (r, θ, φ), (Rs, θs, φs),

(Rss, θss, φss) Fq(w�N`CJ, ���|"h�.�TA(����J�'D�. Æ�#hN6-F Hayashi k [38] Fh
Br(20 Rs, θ, φ) = Br(2.5 Rs, θ, φ + φ′)

(2.5

20

)2

.�C, Br(2.5 Rs, θ, φ + φ′) �` PFSS |�hN6(��� 2.5Rs h�'; φ′ (|z�� (E



778 Chin. J. Space Sci. ���((� 2014, 34(6)� 400km·s−1 h��D|, S���a 20Rs |z�� 6◦). Bφ yV��p��hVP���, BθT�2Io����P?( 0, }eo^ `fa}�, -�a4u9
Xd(8t, <�X^C=:

vθ = 0, Bθ = 0,

vφ = ΩRφ sin θ, Rφ = 1.5 Rs,

Bφ = (Br/vr)(vφ − ΩRgb sin θ),

Rgb = 20 Rs, ρ = Fmass/vr.-F Hayashi[39] �p��h��BT�e
〈NVr〉 = (6∼10) × 108 km · s−1 · cm−3,�y�p�� Fmass = 6×1.67×10−10 m·s−1·kg·m−3,(�o^�e r2Fmass  `fa 0.1AU h Fmass.

P = Ptotal −B2/(8π), 0[ Ptotal (>d�NdhXT, �
�(8t.zt 2 Æ�#��-F Owens kh�� [37],�
vr = vslow + 0.5(vfast − vslow)·

{1 + tanh[(θb − α)/̟]}.�C, α = 2.86π/180 �`x�oh`�; ̟ =

2.5π/180 �`��0�o�hP�; θb �`�p�����k�D60℄K�P; �r���|" θb�'A(����D�; vfast = 650 × 103 km·s−1,

vslow = 285 × 103 km·s−1 � �`O�oTx�oh����. ��-ta4�(Q 1.zt 3 Æ�#��-F McGregork [23] h��, �
vr = v0+

[

v1

(1 + fs)2/9

]

×
{

1.0−0.8×exp
[

−
(θb

φ

)β]}3

.�C, v0 = 285 × 103 km·s−1, v1 = 650 × 103 km·s−1�`�p"℄KT℄V��; �r fs, θb � �`�.�TT℄K�P. φ = 2.8π/180, β = 1.25 � >ygD6�e�#0P�T���p"��h�F.��-ta4�(Q 1.zt 4 ((Q 3 hoHJ,�2IN64�,��-e
�&�. 8$+� PFSS |�N6U�yN6(���|Jf1k2I�'h, 0[-F Zhao T Hoeksema[40] h HCCS �U9�|�faÆ�#J2IN6.zt 5 ((Q 4 hoHJ,�}�T-�h4�. }�T-�-F Odstrcil T Pizzo[41] h��,y ρ = ρs[vs/vr]
2, T = Tsρs/ρ. �C, x�o-t4 ρs = 2000cm−3, vs = 300km·s−1, Ts = 8 × 105 K.

4�	� Oa4 CR1922 (Y��. � 2 6Fg(Q 1∼3

� 2 }��g~� N��� vr U.� T ) 1AU Ki�(
Fig. 2 Simulated number density N , radial speed vr and temperature T at 1 AU



* ��: �+�$��"�%�#�!'&� )��� 779��h 1 AU J}����T-��'(Q, (Bd**�FA/}��m��vm-�h�p"�A,��pm� 1AUh�p"�'/b0X.� 2I|EF, (Q 1|��f}����T-�℄V:( 1AUJ�m,(Q 1℄V��( 600 km·s−1 _�,(Q 2 ℄V��( 720 km·s−1 _�, (Q 3 ℄V��( 800km·s−1 _�, �r}�T-�h℄V:v(Q 1 |��f℄K, (Q 3 ℄V.� 3 �(Q 1∼3 ���M� Ulysses F.�M(Yg��. S� 3 I|EF, (Bd**FA/}��m���m-k�4, �F.D&. S� 3I|EF, FF(Q-��'�m�F.:, (Q 1 |��f}����T-�z�(Q 2 T(Q 3 0XfR,�F.2 �V, (Q 3 ���Mu����dF,��N6FF(Q���MHX, ℄� Ulysses F.N6�'T(wy2�.� 4 6Fh(Q 1∼3 ���M� ACE F.�Mh��. S� 4 I|EF, (Q 1∼3 ���M}��'/b�*� ACE F., (p 5 �_�}�Uapw4!:. (Q 1∼3 |��f��!:�m�F.:, �;�%Ragpw4��h!:, ℄���Mo�z�FAp4!:. ��-�TN
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Fig. 3 Comparisons of model results for Case 1∼3 with Ulysses data



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

� 4 GG)R���gbi�N� ACE G/�Ni��
Fig. 4 Comparisons of model results for Case 1∼3 with ACE data

� 5 )R 4 ���gbi�N� Ulysses G/�Ni��
Fig. 5 Comparisons of model results for Case 4 with Ulysses data��uM2, �Q((Q 4 oHJ�Æ�#}�T-�(Y℄6, }�T-�-F Odstrcil T Pizzo[41]Fh�^, � }eo^T!do^fa, y( (Q 5.� 7 6Fg+�(Q 5 Æ�#�����M� UlyssesF.�Mh��.�P��I|EF,� 5
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� 6 )R 4 ���N� ACE G/�Ni��
Fig. 6 Comparisons of model results for Case 4 with ACE data

� 7 )R 5 ���N� Ulysses G/�Ni��
Fig. 7 Comparisons of model results for Case 5 with Ulysses data+�OhÆ�#h���M�F.�M0X:R. ��}�T-����M�F.�M:�0X. �| +� Odstrcil T Pizzo[41] Fh}��-�Æ�#��,
�2I}e�e}�o^TX!do^�f



782 Chin. J. Space Sci. ���((� 2014, 34(6)h���M:R.� 86Fg+�(Q 5Æ�#����h 1 AUJ�M� ACE F.�Mh��. D�� 6 �`}�T-� 1 AU Jh�'�M��,I, � 6 C}�5�u� ACEF.�/, -�hd4!:��m,� 8�`}���=�,S�`>-�T��hpw4!:�� 6 M/, N6o��� 6 
�w>.� 9 6Fg+�(Q 5 �#�����fBd�TT6�N6|v��h�'. S� 9(a) I|EF, ��pVP, YS�N6l(Bd�X;w`XN6�A. �S� 9(b) I|EF, (�psK�,/�ouC(/*o0, m�ouC(Bd**.

5� v�YS��p"y
 MHD ���g()4Æ, �Ng|�e, +�r�$1;�(Y"Y|�,�L��gs0�[T$1ja[4Æ, \� Mac-

Cormack 2�1^(Y|�, a4 1922 Bj�J(Y��, .h&�hÆ�#��. �M�A, Æ�#�p"��+� McGregor k [23] h��.�T fsv℄K�=Y θb �Eh-m=^, N6+� Zhao

T Hoeksema[40] h HCCS �Ufa, �}�T-�+� Odstrcil T Pizzo[41] FhX^, y}�}eo^fa, -�!do^fa, 0rfah���M� ACE v Ulysses F.�M0X℄R.n?��g Odstrcil[14] T Owens k [37] v Mc-

Gregor k [23] 6yhFF&�Æ�#�p"���YS�Æ/�p"h�F, ��-th4�w>, �M�A+� McGregor k [23] hÆ�#�p"��fah���Mu���dFÆ�#�p"��5Rh�M:�*�F.. ℄ 1AU hN6,X�F.2 �V, � PFSS �y( 2.5Rs 8aN6#52Ih, (m*0�0F�yXZh, ℄(C/*�0F�yfah�M�F.ahs�T�ohLC��2. �Q+� Zhao T Hoeksema[40]h HCCS�U9�faÆ�#hN6,Z�� PFSS�UfahÆ�#N6. �M�`0FÆ�#fah��N6�\V,I, ;�}�� Ulysses F.D��/,�-��m.�Q($�Æ�#hoHJ, -F OdstrcilT Pizzo[41] ℄,Æ�#}�T-�, yÆ�#�p"��-F McGregor kFh�^ [23],Æ�#N6 Zhao T Hoeksema[40] Fh HCCS�Ufa, �Æ�#}�T-�-FOdstrcilT

� 8 )R 5 ���gbi�N� ACE G/�Ni��
Fig. 8 Comparisons of model results for Case 5 with ACE data
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� 9 )R 5 ��gbiCe� (a) U φ = 180◦

∼0◦ U7� (b) O7w3J��) 20∼215 Rs i�( (���aO7�J)

Fig. 9 Model results for the magnetic fields, radial speed on the equatorial plane (a) and meridional plane of

φ = 180◦

∼0◦ (b) from 20 Rs to 215 Rs by Case 5 (the arrow is the direction of magnetic filed)
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