0254-6124/2022/42(3)-0346-11  Chin. J. Space Sci. = AAFFIR

YU Jiabin, TONG Jizhou, FANG Shaofeng, HU Xiaoyan. Transfer Entropy Approach to Discovering the Ranking of Solar Wind Drivers to
Geomagnetic Storm (in Chinese) . Chinese Journal of Space Science, 2022, 42(3): 346-356. DOI:10.11728/cjss2022.03.210406045

T B E R 5 R F MR XX
SHEEGHF

Feeom ™ kaA oyt HgrE
L ERFEEREE Rz mEESL 6 100190)

2(PEBARE RS b 100049)

i B WRREES AR ER, e TR T e Pus T A M RS, BT, xR
R S AE AR T A58 24 TR AR BT AH DG R BN G 2R, T 05 B IR0 mT AR L5 R 1) JCRERLAT ]
Giitat, WML GAHSENE ST AR B AS AN 2 (AR LV SE R o ASSCRI GBI ik, P98 T G230
)R PR Bh 250, RIS 23 i1 24 K BATE 25 8 6/ NI RS B2 A5t A T I ISR RUEE 40#7, & SR BE AU s 1 1
BB RS, RIS RN KR —2E. FIH 2010—2018 47 93 AN mf F2 18] 9 434S B2 45261 7
FERRIRE ST, SR TRy (B) MfTERESmmEmaE (B,) MBS A Sym- H 78 i 23R
60 min W5 BAZEER, TRHKEEE v, WE T BB E Do W3 B MK P X Sym-H 185007 BA%
AT . L IREFFTAS R RENS S A BH R R A A FH A AR B S Rk 4 R i s T S PR AR

KPRl KPHK, HhRER, R

FESES P353

Transfer Entropy Approach to Discovering
the Ranking of Solar Wind Drivers to
Geomagnetic Storm

YU Jiabin'?  TONG Jizhou' FANG Shaofeng’ HU Xiaoyan'

1(National Space Science Center, Chinese Academy of Sciences, Beijing 100190)

2(University of Chinese Academy of Sciences, Beijing 100049)

Abstract Geomagnetic storm is an important disaster event in space weather, which can affect
satellite orbit and ground power system. At present, in the solar wind-magnetosphere system, most

studies focus on the linear relationships analyzed by the correlation coefficient. However, transfer
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entropy can provide powerful model-free directed statistics, which can be used to analyze non-linear

relationships that cannot be detected by traditional correlation analysis and model hypothesis. The

hourly resolution data of solar activity cycle 23 and 24 were used to analyze the large time scale. The

information transmission of solar wind and geomagnetic has a bimodal distribution, which is consistent

with the solar activity level. Using the minute resolution data of 93 geomagnetic storms from 2010 to

2018 for small time scale analysis, the results show that F, IMFB, have strong information transmission

to the geomagnetic Sym-H parameter when the time delay is 60 minutes, while vsy, Tiw, Dsw, B, Py are

lower. It provides the basis for parameter selection and prediction range determination for solar wind-

geomagnetic model construction.
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Start time (UT)

Peak time (UT)

D sty /0T

Start time (UT)

Peak time (UT)

Dstiyin /0T

2010-04-05 12:00
2010-08-03 21:00
2011-02-04 19:30
2011-03-01 18:00
2011-03-11 21:00
2011-04-06 18:00
2011-05-28 06:00
2011-05-29 04:30
2011-06-04 21:00
2011-08-05 20:57
2011-09-09 15:00
2011-09-17 13:30
2011-09-26 16:44
2011-10-24 21:00
2012-01-24 18:00
2012-03-09 03:00
2012-03-12 10:30
2012-03-15 15:52
2012-04-24 00:00
2012-06-16 21:00
2012-07-15 06:00
2012-09-03 12:00
2012-09-05 00:00
2012-10-01 03:00
2012-10-08 07:30
2012-11-14 01:30
2013-03-17 06:00
2013-06-01 01:00
2013-06-07 03:00
2013-06-29 03:00
2013-10-02 03:00
2013-12-08 00:00
2014-02-20 03:00
2014-02-27 18:00
2014-06-08 03:00
2014-08-19 21:00
2014-09-12 15:00
2015-01-07 06:00
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Table 3 Importance ranking of solar wind parameters to geomagnetic index Sym-H

75 KNS I'/nats 8s/N At Tmax Qsigg At Tinax 7] Dm
1 TEbrEY(E) 0.200 3.92 37.43 0.473 0.101
2 11 R brisarn s (B,) 0.196 415 36.83 0.462 0.107
3 R PH G E (v ) 0.159 3.15 29.92 0.322 0.200
4 IR PG (T, ) 0.157 3.08 29.17 0.224 0.285
5 KB BE (D) 0.148 2.93 28.00 0.244 0.262
6 1T Ebr#E% (B) 0.146 3.10 27.45 0.290 0.213

7 KRB Py 0.135 2.68 25.58 0.209 0.277




TR 5 A RSB RAER 5| AR RS 0 K A RAK E B EHE S 355

X% B2 (D) . 17 B BrREZ (B) . KBIXBIIE (P,,) 4
LEATTREL L, LRI04 0 BE %, AR SCER I T3
SR BSR4 R I A X FR e

LIAR G 22BN SER HEATHE, th22 3w )51 TT
1, B LA RAT PRI () | AT R PR R 4
B (B R FHIXGHE (v,,,), (ERAT B PRRES (B) AR
X T EAEAR T A DU, K P XUELEE (To,) FREZE S
3o RRAE 1.2 35 BT iE T 20, AH G 2R B0 Rl 4 s i
2 A2 X 2R, T DRI A B 1 R B R AR T 4%
Y5t 2 ) S — A AR LR AR G 2R, S R AR R
ZHCHEIY (22 5, W] T K B K S 805 H R Sym-
HAERZ M e R M E et #— it ()8
D KNS 2 S ATt %, Dy > 0 B3 KK
J2Z ALk 5 2 2 SN A i IV . AT, A
X T 5 2B, AR v T LA 2 4 90 S B
JELRME R, WO SE T BB 2 5

2 FRTR, 17 B BRI (B) BT & i 2
(9 EEIRS K, X 5 Zhao % MUBFIT 45 R A —
B, 17 RBERERE 04k (B.) 5 bR Sym-H #880>
) ) 7 B R R T T, (L P S 35 A R B
BRI Do KIARBIIE(P,,) 508 Sym-H #8502
] ) T B R B A LA A% R B K S B 5 | % i
I AR X SRR Fh 22 3 4L
4 4hie

1o ARSI RIT Y T Hu Rt 30 K B KB 3l R 2%,
LS AR 4518

(1) K B335 20 5 300 4 £ 35 2B, 45 K PR 2 8
[f) T, Sym- H 155007 8133 B 58 55 5 K B 3k F-
fy JE 2 A — 38

(2) T 58 00 ) 5 K BE K2 550 1) % Sym- H 5%
=BG, AR i AT R BRI (B), 17 R PRI
g 1 4 (BL) YK, SR 5 HEA MR VR S A FH Rk
(vay) « A B XU BE (T,) o K B RS B 7 1 o o i
(D). ITEFREES(B), B2 KIAREIE(R,),
B BHUE BAEE RS WL 3,

(3) 47 K b L 375 15 b R 4 B 2 i B0 45 L A%
TSy 11 TE Tonae =60 miin AL 35 BN, HE T, gy 1o W6
BT Zhao 25 fUBESE

TEWFFE A B K- )2 28 2 M) 17 A FH R 4% 1428 1k

I,z FH 5% A% J0s ] LA DBy K H XL J2= A A Lk 56
F o RICKHEERMINEME EREREMES LRF
YYReRE A, %E SCT WG AR R BS80S Hu i Sym-
HISRIEZE R, L a B8 T TR KNS
B, N B R MOV U ARAT 1 51 R i 23 i K BH
WS R EANEHET . Fe R A KPS )2
SR BIAAR LRSS, MR REZ X T 2Pk
BH XA 3l ey g o o R 4R — A B UK B ) T iR 12,
RERIRIT S SRR B, 1 G P A
o ARAHE R AR 25 18] KA TRT LAE i 3 2 Fe 44
GEHITFEIT ) Iz

i BTt E E R R R RS R 2
— I B R 25 8] B2 BOPE o0 (http://www.nssde.ac.cn)

feft.

S 3k

(1] LIU Shaoliang, CHEN Jianli. Two possible modes of the
interactions between the solar wind and the magneto-
sphere[J]. Chinese Journal of Space Science, 1988, 8(1):
35-38 (XULHSE, BRGUFI. ABH XU IR A2 AR B A e W
RSN, S MRl 1988, 8(1): 35-38)

2] CANE H V, RICHARDSON I G, ST CYR O C. Coronal
mass ejections, interplanetary ejecta and geomagnetic
storms[J]. Geophysical Research Letters, 2000, 27(21):
3591-3594

3] WU C C. Effects of magnetic clouds on the occurrence of
geomagnetic storms: the first 4 years of Wind[J]. Journal
of Geophysical Research, 2002, 107(A10): 1314

(4] ZHANG Jichun, TIAN Jianhua, PU Zuyin. Correlations
of Dst index with the interplanetary electric field[J].
Chinese Journal of Space Science, 2001, 21(4): 297-304 (7K
Gk, WS, WEHRT. 1T 2PRH% S DstHR$[)]. = MRE
224, 2001, 21(4): 297-304)

[5] ZHAO Mingxian, LE Guiming, LIU Yujie. Study on the
relationship between interplanetary disturbances and mag-
netic storms with different intensities[J]. Chinese Journal
of Space Science, 2006, 26(6): 421-426 (RAHABL, SR 5THA, X
il AT RERIU SN G AN R G R R 5 G R AT SE[]. A5 ]
B4R, 2006, 26(6): 421-426)

[6] KHABAROVA O, PILIPENKO V, ENGEBRETSON M J,
et al. Solar wind and interplanetary magnetic field fea-
tures before magnetic storm onset[C]// Proceedings of the
Eighth International Conference on Substorms (ICS-8). Al-
berta: University of Calgary Press, 2006: 127-132

(7] AHMED L, EL-ERAKI M A, SAMY A, et al. Prediction
of the Dst index and analysis of it's dependence on solar
wind parameters using neural network[J]. Space Weather,
2018, 16(9): 1277-1290


http://www.nssdc.ac.cn
https://doi.org/10.1029/2000GL000111
https://doi.org/10.1029/2001JA000161
https://doi.org/10.1029/2001JA000161
https://doi.org/10.3969/j.issn.0254-6124.2001.04.002
https://doi.org/10.3969/j.issn.0254-6124.2001.04.002
https://doi.org/10.3969/j.issn.0254-6124.2001.04.002
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.1029/2018SW001863
http://www.nssdc.ac.cn
https://doi.org/10.1029/2000GL000111
https://doi.org/10.1029/2001JA000161
https://doi.org/10.1029/2001JA000161
https://doi.org/10.3969/j.issn.0254-6124.2001.04.002
https://doi.org/10.3969/j.issn.0254-6124.2001.04.002
https://doi.org/10.3969/j.issn.0254-6124.2001.04.002
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.1029/2018SW001863
http://www.nssdc.ac.cn
https://doi.org/10.1029/2000GL000111
https://doi.org/10.1029/2001JA000161
https://doi.org/10.1029/2001JA000161
https://doi.org/10.3969/j.issn.0254-6124.2001.04.002
https://doi.org/10.3969/j.issn.0254-6124.2001.04.002
https://doi.org/10.3969/j.issn.0254-6124.2001.04.002
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.1029/2018SW001863
http://www.nssdc.ac.cn
https://doi.org/10.1029/2000GL000111
https://doi.org/10.1029/2001JA000161
https://doi.org/10.1029/2001JA000161
https://doi.org/10.3969/j.issn.0254-6124.2001.04.002
https://doi.org/10.3969/j.issn.0254-6124.2001.04.002
https://doi.org/10.3969/j.issn.0254-6124.2001.04.002
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.3969/j.issn.0254-6124.2006.06.003
https://doi.org/10.1029/2018SW001863

356

(8]

9]

[10]

[11]

12]

(13]

(17]

(18]

(19]

IYEMORI T, MAEDA H. Prediction of geomagnetic activ-
ities from solar wind parameters based on the linear pre-
diction theory[C]//Proceedings of Solar-Terrestrial Predic-
tions Proceedings, Vol. 4: Prediction of Terrestrial Effects
of Solar Activity. Boulder: U. S. Dept. of Commerce, 1980
JIE Y, MOON Y J, GOPALSWAMY N, et al. Comparis-
on of Dst forecast models for intense geomagnetic
storms[J].
ics, 2012, 117(A3): A03209

RASTATTER L, KUZNETSOVA M M, GLOCER A, et
al. Geospace environment modeling 2008-2009 challenge:
Dst index[J]. Space Weather, 2013, 11(4): 187-205
STUMPO M, CONSOLINI G, ALBERTI T, et al. Measu-

ring information coupling between the solar wind and the

Journal of Geophysical Research: Space Phys-

magnetosphere—ionosphere system[J]. Entropy, 2020, 22(3):
276

DE MICHELIS P, CONSOLINI G, MATERASSI M, et al.
An information theory approach to the storm-substorm re-
lationship[J]. Journal of Geophysical Research: Space
Physics, 2011, 116(A8): A08225

WING S, JOHNSON J R, CAMPOREALE E, et al. In-
formation theoretical approach to discovering solar wind
drivers of the outer radiation belt[J]. Journal of Geophy-
sical Research: Space Physics, 2016, 121(10): 9378-9399
TSONIS A A. Probing the linearity and nonlinearity in
the transitions of the atmospheric circulation[J]. Nonlin-
ear Processes in Geophysics, 2001, 8(6): 341-345
SCHREIBER T. Measuring information transfer[J].
ical Review Letters, 2000, 85(2): 461-464
SCHWENN R, DAL LAGO A, HUTTUNEN E, et al. The
association of coronal mass ejections with their effects near
the Earth[J]. Annales Geophysicae, 2005, 23(3): 1033-1059
GONZALEZ W D, JOSELYN J A, KAMIDE Y, et al
What is a geomagnetic storm[J].
Research: Space Physics, 1994, 99(A4): 5771-5792
KISSINGER J, MCPHERRON R L, HSU T S, et al

Steady magnetospheric convection and stream interfaces:

Phys-

Journal of Geophysical

relationship over a solar cycle[J]. Journal of Geophysical
Research: Space Physics, 2011, 116(A5): A00I19

XIE H, GOPALSWAMY N, ST CYR O C, et al. Effects
of solar wind dynamic pressure and preconditioning on
large geomagnetic storms[J]. Geophysical Research Letters,
2008, 35(6): L06S08

20]

(21]

22]

(23]

24]

25]

26]

27]

28]

Chin. J. Space Sci. ZIAFAFFIR 2022, 42(3)
MCPHERRON R L, BAKER D N, BARGATZE L F, et
al. IMF control of geomagnetic activity[J].
Space Research, 1988, 8(9/10): 71-86

KANE R P. How good is the relationship of solar and in-

with

Advances in

terplanetary  plasma  parameters geomagnetic

storms[J]. Journal of Geophysical Research: Space Phy-
sics, 2005, 110(A2): A02213

WANG Y M, SHEN C L, WANG S, et al. An empirical
formula relating the geomagnetic storm's intensity to the
interplanetary parameters: —1 ~ 284 and At [J]. Geophysi-
cal Research Letters, 2003, 30(20): 2039

LIU Libo, WAN Weixing, CHEN Yiding, et al
activity effects of the ionosphere: a brief review[J]. Chinese
Science Bulletin, 2011, 56(12): 1202-1211 (X3r.3, A,
Mr—E, %. BEZE5KMESEER ). B2,
2011, 56(12): 1202-1211)

WU Yingyan, XU Wenyao, CHEN Gengxiong, et al. The

evolution characteristics of geomagnetic disturbances du-

Solar

ring geomagnetic storms[J]. Chinese Journal of Geophys-
ics, 2007, 50(1): 1-9 (SIMFE, TR ISCOHE, PRIKHE, 55. B 51010
JUR SR T AT LA [J]. HLERPBE=A4H, 2007, 50(1):
1-9)

BLANC M, RICHMOND A D. The ionospheric disturb-
ance dynamo[J]. Journal of Geophysical Research: Space
Physics, 1980, 85(A4): 1669-1686

KOZYRA J U, JORDANOVA V K, HOME R B, et al
Modeling of the contribution of Electromagnetic Ion Cyclo-
(EMIC)
erosion[M]//TSURUTANI B T, GONZALEZ W D, KAM-
IDE Y, et al. Magnetic Storms, Volume 98. Washington
DC: American Geophysical Union, 1997: 187-202

SHI Liangwen, SHEN Chenglong, WANG Yuming. The
interplanetary origins of geomagnetic storm with Dst,;,<
~50 nT in 2007— 2012[J].
2014, 57(11): 3822-3833 (&b KL 3¢, W e, TEMIHH. 2007—
2012 4F: Dty <50 01 45 DAL b il 2% 0977 2 PR IR S 1
[J]. HiERPBE2AHR, 2014, 57(11): 3822-3833)

RUNGE J, BALASIS G, DAGLIS I A, et al. Common so-
lar wind drivers behind magnetic storm-magnetospheric
Scientific Reports, 2018, 8(1):

tron waves to stormtime ring current

Chinese Journal of Geophysics,

substorm dependency[J].
16987

(RfESRIE: IMEDY)


https://doi.org/10.1002/swe.20036
https://doi.org/10.3390/e22030276
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.5194/angeo-23-1033-2005
https://doi.org/10.1029/2007GL032298
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.6038/cjg20141136
https://doi.org/10.6038/cjg20141136
https://doi.org/10.1038/s41598-018-35250-5
https://doi.org/10.1002/swe.20036
https://doi.org/10.3390/e22030276
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.5194/angeo-23-1033-2005
https://doi.org/10.1029/2007GL032298
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.6038/cjg20141136
https://doi.org/10.6038/cjg20141136
https://doi.org/10.1038/s41598-018-35250-5
https://doi.org/10.1002/swe.20036
https://doi.org/10.3390/e22030276
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.5194/angeo-23-1033-2005
https://doi.org/10.1029/2007GL032298
https://doi.org/10.1002/swe.20036
https://doi.org/10.3390/e22030276
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.5194/angeo-23-1033-2005
https://doi.org/10.1029/2007GL032298
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.6038/cjg20141136
https://doi.org/10.6038/cjg20141136
https://doi.org/10.1038/s41598-018-35250-5
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.6038/cjg20141136
https://doi.org/10.6038/cjg20141136
https://doi.org/10.1038/s41598-018-35250-5
https://doi.org/10.1002/swe.20036
https://doi.org/10.3390/e22030276
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.5194/angeo-23-1033-2005
https://doi.org/10.1029/2007GL032298
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.6038/cjg20141136
https://doi.org/10.6038/cjg20141136
https://doi.org/10.1038/s41598-018-35250-5
https://doi.org/10.1002/swe.20036
https://doi.org/10.3390/e22030276
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.5194/angeo-23-1033-2005
https://doi.org/10.1029/2007GL032298
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.6038/cjg20141136
https://doi.org/10.6038/cjg20141136
https://doi.org/10.1038/s41598-018-35250-5
https://doi.org/10.1002/swe.20036
https://doi.org/10.3390/e22030276
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.5194/angeo-23-1033-2005
https://doi.org/10.1029/2007GL032298
https://doi.org/10.1002/swe.20036
https://doi.org/10.3390/e22030276
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.5194/npg-8-341-2001
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.5194/angeo-23-1033-2005
https://doi.org/10.1029/2007GL032298
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.6038/cjg20141136
https://doi.org/10.6038/cjg20141136
https://doi.org/10.1038/s41598-018-35250-5
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1029/2003GL017901
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.1007/s11434-010-4226-9
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.3321/j.issn:0001-5733.2007.01.001
https://doi.org/10.6038/cjg20141136
https://doi.org/10.6038/cjg20141136
https://doi.org/10.1038/s41598-018-35250-5

	0 引言
	1 数据与方法
	1.1 数据来源
	1.2 相关系数与转移熵
	1.2.1 相关系数算法
	1.2.2 转移熵算法
	1.2.3 算法比较


	2 太阳活动水平对太阳风–磁层相互作用的影响
	2.1 太阳风参数与地磁指数的转移熵
	2.2 转移熵与太阳活动水平相关性分析

	3 引起磁暴扰动的太阳风参数重要性排序
	3.1 数据选择
	3.2 重要性排序方法
	3.3 重要性排序

	4 结论

