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Abstract: Coronal mass ejection (CME) is a kind of space weather phenomenon caused by the intense acti-
vity of the sun. Important issues of concern to the space weather community include understanding the propagation
and evolution of a particular CME in the corona and interplanetary space, forecasting whether and when it will
reach the earth orbit, and predicting the change of solar wind state in near-earth space. CME always carries a vast
amount of energy. When it reaches space near the earth, it will cause a severe disturbance, and trigger catastrophic
space weather events, such as the geomagnetic storm. In order to utilize space resources and develop space science
more deeply, avoid the damage of severe space weather caused by CME, it is important to improve the accuracy
and efficiency of CME forecasting. Numerical simulation is one of the practical tools for the study and prediction

of CME's propagation. This review introduces the different models used in the CME propagation simulations and
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their latest research progress. Firstly, we summarize the various CME propagation simulation models including

background solar wind models, CME initialization models, and coronal magnetic field reconstruction models. The

outline of the application and research progress of these models in the propagation simulation is also presented.

Then, we review the simulation studies on the deflection of CME, including the deflection in the corona and its in-

teraction with CIR. The relationship between CMEs and their simulation is then discussed. Finally, based on this re-

search, we propose the problems that need to be solved in the CME propagation simulation research and give a few

prospects.
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E55 3 5, Bl T CME 76 H % F147 AL bR 4% 1] v
(1 D % IR 5Y &% CME 2 [ AR HAE ], = A A4
T CME 2 [8] f{ A1 A X CME A% 3% 3 R 1) e A%
FOR G5 25 (8] RAFAF 5. fed e — 1,
o HH — AT B 1) 0 &5 4 H R AR 1 e 2

1 SRR KR

Z R EAEBIEY], S PSMERR I S b
BEAT WEAG AR B S +4r LY (Odstreil and Pizzo,
1999a, 1999b; Chané et al., 2005, 2006; Shen et al.,
2007) . AEREEM 10 4EH, T o BRI AR 2
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USG5 . Hayashi (2018) #&H T 784 BK ] 1) Jig 4 K
FH X &6 e ) =4 MHD FUd,  0f aL iR 2T
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Hickmann 55 (2015) K¢ %cdis R4 10 J7 i kN
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RSt 7= H @iy, AHGERIMIL A A ) o S

( Magnetohydrodynamic Algorithm outside a Sphere,
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W HERZ AR AL S ENLIL £8% (Odstreil et al.,
2004) I MAS-H 2z (MAS-H) #5%! (Lionello

wmmw \ M&hmh AU T A

2007 01 2007-02 2007-03 2007-04 2007-05 2007-06 2007-07 2007-08 2007-09 2007-10 2007-11 2007-12 2008-01

K1 2007 FE44E 1 AU KIS, 202 iiilah 3,

WA LR I Bl . N B R v, (ki) BUEFE N

(em™). WE T (KD FRFI7ME (B H Shen F etal., 2018)
Fig. 1 Modeled (red lines) and observed (blue lines) time profiles of solar wind parameters at 1.0 au through all of 2007. From the
top to the bottom, the panels show the speed V,(km/s), number density N (cm ), temperature T (K), and total magnetic field

strength (modified from Shen F et al., 2018)
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etal., 2013) . Linker 45 (2016) FJH] ADAPT #3r
T A4 H ek B 9K B0 1 R BH RS AR AR A A AT )
B 7R T ERR SR b 0 7 B0 AT AL PR A i
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van der Holst 25 (2014) 7 T 4 A BT IR 250,
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MRS B R, SAW BHLJE o] LA EEHLE H 2 1
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5 PR RG220 S il 5 T v DX 3
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IR BH U DR R G5 4y FOAT 2 o 2% ) i 3 R T R
1M, Feng &5 (2012) 1 J5i A 8 i Fefilt BN T H
TGN PR N (adaptive mesh refinement, AMR) $
AT AN ) K BH 39 2l B B AR B K S AT 1 Bl
BT, JLREARL & A mT DL 3 K B B A R AT A2 s
6] () VF 2 R4, 9] 40 3% 5E 1) R AR5 (Carrington
Rotation, CRs) [ K FH X2 1 A2 Akt 34 DL J AT 22
Frk437 Cinterplanetary magnetic field, IMF) 1 &
HAR. JAl, Feng &5 (2015) FIH] GONG fiES:
I 25 i Il 9% 5y f¥) STP-AMR-CESE MHD # % fiff 5%
72008 4F 7 J3 1 HA 8 H 11 H A K FH R 1 2] 4 Bk
BhUIE B K PH RE AR R FE. Li A1 Feng (2018) #5417
2008 4 J9 T I ISH XA A IH 26 T 281 b s 3 )36 40
AR, IR I 45 A E O L 45 AT T
SE TN, VPS5 RRWIZA I v] DLA: pl— L8 K BH
WUHS WL G548, AE K B A S B0, 25 2R 5 0 I 45 1
XFECH, DO G5 Reds W, il BERIAT FE B
T RN R0 5 SRAH EE IR
Shiota 25 (2014) JF& T SUSANOO (Space-

— SRR
— R -

—— WINDE

() &= 30F

0f s
02-16  02-
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CR2107% H A

(a) CR2107 AWSoM AR R Y =0 F1 (5D K Z=0 CHH) FH LR TEDS HSEEL (PP FIK

FHXGH 20 A, A5 FEGE S R T HiEk. STEREO-A f1 B BEHFEH] Z=0 FHIEIZE; (b) %5 WIND B {# ] X0E

(a) P,/P,
200 |4 1.4
100 12
w 1.0
£ 0
N 0.8
-100 0.6
—200 @ 0.4
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Fig. 2 (a) The simulated proton pressure anisotropy ratio P | /P, and

KPS H ) WIND Bdf (K bR, s S B XGE R B0 M1 1k ) 4%

the simulated solar wind speed in the ¥ = 0 and Z = 0 planes for

CR2107 by the AWSoM model, and the plot on the right bottom panel also shows the trajectories of the earth, STEREO-A and
B satellites projected to the Z = 0 plane; (b) The WIND data during CR2107 and the simulated solar wind properties along the
WIND orbit such as: B magnitude, flow speed, number density and proton pressure anisotropy ratio P | /P, (modified from

Meng et al., 2015)
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weather-forecast-Usable System Anchored by Nume-
rical Operations and Observations) F%% (Shiota and
Kataoka, 2016), £l T 2007~ 2009 4 # i) 25~
425 Rs (17 SOKFH K. AT BUE 25 R 5 & A2
PRAZFN K AR PR3 A <5 AR R B I FR 0 &5 SR
W) AT (Shiota etal., 2014) .

RPN H BK 2 IR AE S R 487 ( European
Heliospheric ~ Forecasting  Information  Asset,
EUHFORIA) 25— Jl TN HERJZ #2281 R
FARBERY, & REAF B2 I 75 5K XURT 0.1~2 AU
(¥) CME £ & Fl 4% 6 1 #4210 MHD #£48 (Moschou
et al., 2017; Pomoell and Poedts, 2018) . EUHFORIA
AAE—NH BB F—A> MHD H 3K )Z B8
H g s B AL YIS 0.1 AU Kb %5 525 1 A R 37
SR AR HAE i S AR IR S H B2 A5
J5 K, Hinterreiter % (2019) X EUHFORIA 5 7
MPEREREAT T HIESE, @Ik 5 ACE LA ML 45
Xt 26 1], EUHFORIA B8R AL) 1) K BH X 2 07T
X BATE B 7KV ARG I 5 W A 5 3 e

Piantschitsch ¢ (2017) & T —/> 2.5 4E 1)
MHD A AR 1] 58, ) A% 4 S I 15 03 X3
D g8 3 AR AR . A P A, A AT 0 %
] B A ) Alfven 39 FE RN 5 38 7] 463 i 1 PR A
P BEAT T %5 & 4> Mt ( Piantschitsch et al., 2018a,
2018b) . ARATTIIBE AT KA W], e A F I  fE
SO T I AN IR S AR g R L ML 7 1)
PRWEAE s NS R4 91 W P X R 8 PR e A %
IEARFAE W AR 2 TR 7R HH S

2 CME &%

AR TS SR B KIEAY B8 n CME ¥l 4R As
R, W[ LAY CME A #% 1) — 4 o R 3047 SO AR U
H AT Bs B H ) CME #IAR AR A AN [ 228,
JIT I S OB (0 00 o it %% AN, FEdR = A
CME WIUH A R 1 8 7 T L2 WA T — Rk
Ji& . AT R EEA R 1) LR CME #1146 A B
A B 8 F I JL R 2R f) CME A2 43 38 RS 48 7 181 1)
W FEI .

2.1 CME #Jt1k1&ES

HEARAE T (Zhao et al., 2002) 2% F (1) CME
VIR 2 —, AR 5, H 5 CME $iA
B UL LA UERC. EHEAAR R, CME A H A& N

ot y, ARIA AR/ AR B B H S
DR € 1, 3852 i SRS 1),

i 0 AR i o — T FH ) CME il R AR Y,
AL EVAHLEE L CME VF 2 WEEYE (Manchester
etal., 2017) . AN[FRIFHEAR, FkiH 5 40 B8 45
WY, LA o] LABEHL CME 213k 35Kk ] 1)
Bl Sy SRR, ] DU R, BT IR A
PR, B 2 IS HCRWIR I BB, B T4
IR, R BEESE, AR N IR R
T 368 5 R I8 A 1) 7 1) 45 BT B 4% B Roussev
2 (2003) 7E—4E MHD Fgpl H s

Thernisien 2% (2006) #2& H — Fl #7 4% [ £ 58
( Graduated Cylindrical Shell, GCS) #&#&!, |7z W
FHAERSIAE G A, o] I F-WF 50 AE H 2 A3 0 21 1
CME MBS AE. 312, {8 CME W
I FR PR R T 90 A 7] BB (Thernisien et al., 2006, 2009,
2011) . i@t 454 =4k IN-TVD-MHD #%% (Shen F
etal., 2018), Liu%% (2019) # kST 7 HT Bk
7t (GCS) MERLff) CME 8 4p 7, K5 30
TATELBR A5 ] TP el CME 145 3 00 g 2 252 1) 5 1)
HAE B

IEAN,  BROIR T A R A B Ak AR S 3
FERIAT I CME WA AEEY (511, Chané et al.,
2005; Kataoka et al., 2009; Shen et al., 2011a, 2011b,
2012, 2013, 2014; Zhou et al., 2012, 2014; Zhou and
Feng, 2013; Shiota and Kataoka, 2016) . 15 f 1 4 #&
RIBARL, X BBIRFRIRE AT Wi, FFREARK
WIS H, & T TR R R St 4 A Y

HAFv.2 FR0 2 — 5L T 80 2 (1) By 23 A T
‘©5 =4k MHD BERUAR S At n] 50 & R OKRH
R FAE, 12010 45 8 H 1~4 H I [a] %00 21 %}
i CME AT 2 PR A (Wu et al,, 2011), LL &
2011 4F 3 H 7 HORBRPL 3N FAF 280 iy H B3Rz
CME £ & I 5% i ( Wood et al., 2012) . Liou %
(2014) RHAZBHIFET 2012 45 7 H 23 HkR
(175 11 CME AR A& FE, BUAS 2156 B 1A =
% 5 STEREO-A [ M Wl 45 B W) & B Ut . 5 42,
Wu 5§ (2017) HIZBIRLA0 S8l T WIND MR #%
7E 2011 42 9 F1 9 HMMEIF CME, JFEIE 1 %0
B (2935 min) IR Bk (LR 94 cm™)
B WAT FE B U s 4 1) 3R 2 A5 8 A 1 DG

Aulanier 5 (2005, 2010) & T —NHik =
Y4 CME # R A8 A4 T HDGERZ e e . 0
RN IZEE L AR E DN HAHRTEA
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R P (10 20 i 240 A G 1) IS A XA ASE R R D
() — LRI R LE AW &, W BT . REBE AT T )
LY (Janvier et al., 2014). & 3 Bt (Janvier et
al,, 2013). 1 & %8 & s )48 (Barczynski et al.,
2019) B H IC R 38 2 4 Sk 39 0] 11 R v AR 4k

( Barczynski et al., 20200 45 & J5 1 35 T W 48 F1
Wi (Zuccarello et al., 2017) .

2.2 CME EXHERH#IANERESEN

Sh T % BLSE () CME YR IX idn 454, A ATl
i K T AR 1t TG 3 F ) J5 10 MG ER R sl V) M
WH B Y. B n, Jiang % (2011). Jiang I
Feng (2012) {t CESE-MHD A5 %4 tp i A i 48011 i
Bk R B I MHD J7 8% (B A3l R SR
2, % g MHD J5 #2 R ¥4 55 B AR Bk ALK 0 2
TR, R0 H BT EE, R
CESE-MHD JE£i P F 1135 (CESE-MHD-NLFFF)

(b) AIA/SDO 171 A

E

3

f,

E
v

3\
#

F&A (Jiang and Feng, 2013; Jiang et al., 2013, 2014a,
2014b) . #t—iEit 454 CESE-MHD-NLFFF f574
A =428 MHD B, Jiang 2537 17— R VB
i, H s NOAA " ATZHMIIZEIN 2010 4 10 H
25 H AR CKPFHISEIIX) 11117 B = 4Etiidn i,
AR11283 R4 A TR 5 &, AR 11967 1 FrIHE
PERE R AT REE A, LA 2017 49 H 6 H
KT AR 12673 1) X9.3 25 M 1 bk BT 1) = 4k fid
¥ 4 3 46 (Jiang et al., 2012, 2013, 2016, 2017,
2018) . A ATl AT DA e Bt PRI = 4RG3 I A
ghiky. Hgr i i LA R B AR K BH R B R L 5
(AR s LB BRI B IRME ) 2 L R, ARATT R
DA 58 e 2 RO BRI T, Pirds 4 1 5 I I 3
T ) 2 TR B R () A — 3. 1 3 e T RN
W 5 R BE A H s WA AR 0 EE - (Jiang et al.,
2018) .

Guo %% (2019) f# i MPI-AMRVAC MHD 1%,

(¢) AIA/SDO 304 A

2017-09-06 11:36:05.140

(f) GONG Ha 6562.8 A

ad

2017-09-06 11:33:10.000

B & A TT BRI S H 2R E 3. (a) B CESE-MHD-NLFFF J5 ¥ 44 (K1 /126 SDO #1IEl; (b, ¢) MR

KERT SDO/ATA 171 A F1304 Ay B H RS () TR BNZOX FUEARE L, 0Lt RIE Z 3K &
() WE P EATMMINIE, BRI ZRMmERE; (O W)X GONG Ha B4, BE&ERFHMANMNE (BkA

Jiang et al., 2018)
Fig. 3

Comparison of the reconstructed magnetic field with the observed features of the solar corona prior to the flare. (a) SDO view

of sampled magnetic field lines of the CESE-MHD-NLFFF reconstruction. (b, c) Represent the SDO/AIA 171 A and 304 A
images of the pre-flare corona respectively. (d) The low-lying magnetic field lines in the core region. The field lines are color-
coded by the value of height Z. (e) Locations of dips in the magnetic field lines; the color indicates the value of height Z. (f)
GONG Ho image of the active region. The dashed curve denotes the location of a long filament (modified from Jiang et al.,

2018)
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iy (Keppens et al., 2012; Xia et al., 2018), X}
W RIS, WA SRR R B DA K
e 5 B T 46 MHD 7 FREEAT SRk, TFR T —A
Kl UK SN % g LBk MHD A8, JEF SDO K&
il 32 0L WS S R FE i B 7 A St — AN A ik
T i, FERAZARSNET LI R R I ah 2%
. ABATTERRE 2010 4 11 A 11 HWIEIF AR 11123
HEAT MHD B8, nT DL B0 10 4 A R e
FLAth o LS 1) 10 37 38 A AR LA S CMEE fis
P55 AU ) T A 38 €1 F5 Price %5 (2019). Pomoell %5
(2019). Hayashi 2% (2018,2019) B KI5,

2.3 CME ByE#B1E#

% I8 BV HERBERUE I I 7 (8P, F %2 CME f&
PSR T A A HEAA BB AE ) CME HIA) 46 4% 1
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Fig. 4 (a) Initial flux-rope field lines; (b) Field lines of the flux-rope core at t=164.10; (c) Interplanetary magnetic field and ICME
flux rope at t=256; (d) Close-up view on (c), showing two flux bundles at the core of the flux rope (modified from Torok et al.,
2018)

(2) v, 2

~

K5 (a) 20114 3 J] 7 H CME HJ4I4A GL il f4E; (b) Bl (Z2) FI SDO/ATA MW (F) i EUV 3 (B A Jin
etal., 2017)

Fig. 5 (a) Initial GL flux rope configuration for 7 March 2011 CME; (b) EUV waves in the simulation (left) and in the SDO/AIA
observation (right) (modified from Jin et al., 2017)

Jacobs 1 Poedts (2012) il it F £ Th R XS i
AR (versatile advection code, VAC) (Toth, 1999)
SRR T R TR H % 1 MHD 7 #2. AT g T
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K @
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i S

iR F,,% }H/

T 5CRBH O CME S {1t [ 74 18 7 A 4 1 7Y i % 5

T ECKBI RO CME $2 it AN AR K D AESL ) A e (B2 A Wang et al.,

A sketch map of the DIPS model. (a) Slow CME will be pushed by the following background solar wind, which makes the

CME deflect to the west. (b) A fast CME will be blocked by the following background solar wind, which makes the CME

deflect to the east (modified from Wang et al., 2004)
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Fig. 7 Three-dimensional representations of the CMEs 30 hr after the initiation of the four cases. (a) Three-dimensional isosurfaces
of p = 1.5pinq and (b) magnetic field strength -B = 15 nT are drawn. The position of the earth is marked by the blue sphere. (c)
The contour plots of the relative density distribution on the solar-terrestrial meridian plane after 30 hr for the four cases

(modified from Zhou and Feng, 2017)
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CME (¥ AH B AE AT BAAE P A CME F) 38 8 T —
. Wang %5 (2005a, 2005b) fifi Fi] 2.5 4 MHD #5
TR T WA T 2L % 1) CME BOAH BLAE Rl A2
IXH A~ CME 43 31l LA400 km/s H1 600 km/s [¥135 & )\
KBTI HY, SRR 12 /N, Bas R BoR,
HT T4 B 10 ) 124 CME PTBHEY,  Phig CME (34
FER S, AT 73 TR W] 2 CME S5 1) B 2
ST AT 11208 CME 32 3.

Lugaz 55 (2005) ¥ =4 MHD B2, #iil
T WA CME Z[H LA Je CME 5 it 2 1) i A B A
M. B 10 v LA H, @ — M B,
A~ CME 5 RRE e 28 5 — Mk = il %, 33

T ZR (R EL AR T o R R R BRI . oK
JRE i A B8 T IR I i 1 0 A AR
5 0T TR A BAE . BB, e B AT
T (3 K 100 ks (RS e 28, AN
I, AR SEPREE R, SR
B CIH” R0 R TR U DI ) R B AN T
PEA DG MATUER], 7E2E—/> CME ', 2Rl
AL R S [ A 25 5 FE B, Shen 45 (2012)

WA T 2RI, AR T = 4
MHD #48L, %f 2001 4E 3 A 28~31 H (g4 I
SCIREE N AN AR Y CME (38 AL EAT T 45
oL P11 SRR T R R o R v AR (A R, 4
B3 AN HAE FH () CME 2 A5 4 S 1R 3
A WE LR, B T A4k, CME-CME (1)



. 408 - Bk 54T 2 YRRV

HEE/(km-s™)

(@) — (b)

HE/(km-s ™)
100 200 300 400 500 600

B/ (km-s™)

©

@ o~

0 100 200 300 400 500 600 0

AT =
=

; W
AN

-300 —200 -100 0 100 200 300-300 —200 —100 0
r (CKFAEAR) r (KB4

b

i S

100 200 300-300 —200 —100 0
r CKBER)

T/ (km-s ) JHE/(km s ™) FE/(km-s 1)
© 200 400 600 800 1000 ® 200 400 600 800 1000 ©

0 200 363&&&‘56' 100 0

r (OKHIEAR) r CKFAREAR)

K8 FEREEABIRAT, A () ~ () M (e) ~ (g) FHREIRT V=300 km/s Fll V,;=1500 km/s 56 N G4 7 74
R AR L. A& MRS, TFIER RN S, BEERFERD B (D A (b $5H T Wang 5

(2004) FEATE B/ 1298 CME FIEGHE CME f& 4 mfc s & K (B B Zhuang et al,, 2019)

Fig. 8 Westward and eastward deflection of the flux rope in the laboratory frame with V,,;=300 km/s and V,,;=1500 km/s in panels
(a)~ (c) and (e)~ (g), respectively. The closed lines plot the flux rope structure, and the open lines show the background
magnetic field. The false color shows the flow velocity magnitude. Panels (d) and (h) give the same schematic pictures of slow
and fast CME propagation in the interplanetary medium in Wang et al. (2004) (modified from Zhuang et al., 2019)

-300 200

S S A V.
0 200 300 —

r (OKHHEAR)

FEAE RS ] g HEL— A CME S35 — 4> CME
RIS (Xiong et al., 2009; Shen et al., 2012) .
Shen %5 (2012) @M EHE, 74T T CME
Z TR R R R (e R AT AT AR T R A
7E 2008 4F 11 H 2~3 H ¥ 4~ CME 2 [8] filf i ,
IR FER WA 73% T ReME L B S E AL,
KM T B 0. X — R IE M, CME [
ik e AR e v] DAIE I S A R T ARk Bl Rg.
i Al Fl COIN-TVD MHD B %Y, Shen %5 (2011a,
2012) APl TAT B BRI AS CME BIAH BAEH,
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Fig. 9 (a, c) Temporal images of the CME's deflection angles and the trajectories of the CME, respectively, for the case when the

CME interacts with the CIR. (b, d) Images for the case when the CME does not interact with the CIR. (a) and (b) are shown in
the heliocentric earth ecliptic coordinate system, while (c) and (d) are in rotating coordinates. The green line is the longitude of
the earth; the blue dashed line is the CME direction of our simulation; the red dashed line is the CME direction predicted by
DIPS model. The time interval for each CME circle in (c) and (d) is 3 hr (modified from Liu et al., 2019)
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Fig. 10 Plasma speed in the Y-Z plane at four different times during the interaction of the two CMEs. "Streamlines" drawn in white
illustrate the direction of the magnetic field in the plane. (a) ¢ =13.75 hr, as the trailing shock enters the first cloud. (b) =19
hr, as the trailing shock has just passed the center of the first cloud. (c) ¢+ = 23.5 hr, as the trailing shock enters the dense
sheath of plasma associated with the leading shock. (d) # = 37 hr; note the uniformization of the speed in the two clouds at
this time. Also note the change in scales between the different panels (modified from Lugaz et al., 2005)
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Fig. 11 The speed-time profile of the two CMEs with and without interaction (modified from Shen et al., 2012)
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