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Abstract The intensity of a geomagnetic storm is characterized by the SYM-H
index, and accurate prediction of SYM-H throughout a storm process is crucial for
space weather warnings. Existing prediction models mainly focus on short-term
forecasting of 1-2 hours, while prediction over an entire magnetic storm process
remains insufficiently explored. The composite model is a short-term SYM-H
prediction model that integrates physical principles with neural network technology. It
establishes a SYM-H time evolution equation based on the total energy balance of the
ring current and optimizes the key model parameters using neural networks, thereby
preserving physical interpretability while retaining the capability to handle complex
scenarios. In this study, the composite model is extended from short-term forecasting
to prediction over an entire magnetic storm process through an iterative strategy, in
which the predicted SYM-H of the current step 1s fed back as the input for the next
step. The model is trained and evaluated using 1-min resolution OMNI solar wind and
SYM-H observations, covering 20 training storms, 5 validation storms, and 13 test
storms from 2000 to 2012. Five iterative time steps of 10, 30, 60, 90, and 120 minutes
are compared on the test set. The results show that the overall performance depends
weakly on the time step, and the 60-minute step yields the best overall accuracy, with
a mean root mean square error (RMSE) of 16.3 nT and a determination coefficient
(R?) of 0.767. The absolute prediction error increases with storm intensity, whereas
the relative error does not exhibit such dependence, indicating that the model
maintains reasonable accuracy even for intense storms. Prediction errors are mainly
concentrated in the sudden storm commencement (SSC), the main phase, and the
early recovery phase, reflecting an inadequate depiction of solar wind dynamic
pressure variations, rapid energy injection, and early recovery-phase loss processes.
This study verifies the feasibility of the composite model for full magnetic storm

prediction and provides a practical option for space weather forecasting.
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Fig.2 Iterative scheme for predicting the SYM-H index over the entire geomagnetic storm process

based on the composite model. The SYM-H input during iteration is determined by the prediction of the

previous step, and the solar wind input is given by historical observation data.



3. BiEE

WAL T NASA ] OMNI 45 ((http://omniweb.gsfc.nasa.gov) , L5
SYM-H &%, 17EFRHY (IMF) FURBH XS FARSEL, B o Pih 1
Grd. WL I LRI 8] SRR R A DB 5% . TREE RIS, AT B PR
B RS HH ACE. Geotail. IMP-8 5% Wind fiii K 2% L AMCES{E Hith L1
s BT AR R B RO USRI R o e Ab, 8 S L] ) B K FH XU 37 R 48 B 1A
IR GRRH), NMRRIEA L, BT FER F G A AG B A R s

HARRTE 2000 45 2012 4ERTE:, AE 20 RBLERMIZBAREE, 5 IRH
ZHIIE R 13 YO RN e S . AW A I Bl A 5 2w e
i BT F A AE ], DRSS mT L.

4. NG F AR AR

ASHE 78 R H PyTorch SEBL SYM-H Tl 53k o i A1 HEpR 248 0 2% fff o2 240
V%on%f.¥hq(Wh\h\h\h)EﬁﬁMD@Hmmh$Wﬁﬁ§
BRTNGSE, AT S, (55X H0m] S g it
BUE. TR ZE (RMSE) MYE 2480 (R VPRI TI&E R,
X AR bR O 2 DU 78022 T AR B s B R R PPl . RMSE [T
AU

JUE RBRATCEN IR, AR

Horry 0% SYM-H $RECHLIN(E, ¥ ARIRBITRIME, Y — AL A I B
A SYM-H BEA f-FIIME,  JOAREA KRS, B HIREAR S R UG
MO ENT, IR TINE S A EMEAME, R =0, d1RFIME S AU

7



ME5E AR, MR =1,

N IR R A IRLAE A A TN T (PR RE, A SCA P BEATLBE L N B S P i
Adam UL A RS HHATHAC), IITIRIRZE (RMSE) F 940 2k eRi 2
PIGSE 2 R BE N 0.001. NPT IERA L&, 98 UE4E 5611 RMSE H B /)
AR ISR, g et , BdmEd iy 20 REERFARRID N — R 2R $c,
RGBT BATIEACTN . N DA SRR e v, gk bR R
PSR BIERRI RGBS AT S R, Bty B6 S BBV E, Hit
AT —IRGE— BIRR BE S A RN S T o 1 75 A R T DRI Byl R s
BOKI - EUBEEE B, 198 T S H AT ARatt.



5. 458

AR TS A R BT A i 23 TI0N H 0 P 6 0 o S AR AR AR BT TR B B, AR A
T MNAREE M 13 KREZR S (IS0, VPl T AN TR [R) 5 T ASE 28 () T R 2
TR T SAREZEK (10, 30, 60, 90 F1 120 404D 7F 13 KGR FHM EK)
TG KRG o A5 SR, AN [ I T 25 K R R Xof 25 1 2 A1 1) Tl R R AR AE
Ze g, AHREAR BN TP AC OB 5 55 - Bl tn, i 30 (SYM-Hmin=-137)
M2 K8 10 438 (RMSE=19.0 nT, R2=0.559) , Tifi#% 34 (SYM-Hmin=-
138) MIFE 120 4 BK FRIMEAE (RMSE=5.6 nT, R>=0.646) .

£ 1 FERTEIEE THN SYM-H #5389 RMSE 1 R? {EAIEL R
Table 1 Comparison of RMSE and R? values for predicting the SYM-H index under different iterative

time steps.
N=10 N=30 N =60 N=90 N=120
=]
F5 RMSE RMSE RMSE RMSE RMSE
R? R? R? R2 R2
(nT) (nT) (nT) (nT) (nT)
26 9.7 0.687 10.2 0.87 6.3 0.919 8.5 0.816 8.4 0.798

27 30.1 0.324 232 0.735 21.8 0.782 232 0.757 25.1 0.668

28 16.3 0.46 9.2 0.92 10.6 0.867 10.5 0.857 10.9 0.838
29 274 0.807 25.7 0.85 24 0.891 244 0.886 253 0.865
30 19.0 0.559 323 0.546 21 0.671 24.7 0.585 24.8 0.573

31 10.1 0.741 14.6 0.802 10.4 0.842 11.4 0.806 12.1 0.781

32 16.1 0.508 20.4 0.635 17.8 0.665 204 0.578 20.3 0.574

33 329 0.845 28.6 0.891 30.9 0.885 30.8 0.885 323 0.879

34 5.7 0.414 8.1 0.489 7.9 0.471 6.3 0.638 5.6 0.646
35 10.3 0.637 11.2 0.791 11.9 0.66 9.4 0.767 9.7 0.744
36 9.9 0.725 11.7 0.847 10.4 0.839 8.2 0.877 8.3 0.86

37 16.9 0.779 15.9 0.863 16.4 0.869 16.1 0.856 153 0.855
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Fig.3 Comparison between the SYM-H index predicted by the composite model and the
observations for storm 28 (SYM-H minimum of -173 nT) under different iterative time steps (10, 30, 60,
90, and 120 min).
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Table 2 Comparison of storm intensity with absolute and relative errors

e 29 | 33 | 27 | 37 | 38 | 28 | 34 | 35 | 30 | 32 | 36 | 26 | 31
SYM - - - - -
206 137 | -137 77
Hmin (nT) | 437 | 394 | 320 | 234 173 | 138 | 137 111 | 101
RMSE 10. 10.
24 | 309 | 21.8 | 164 | 22.6 79 | 119 | 21 | 17.8 6.3 | 104
(nT) 6 4
FxHR 2 109 | 6.1 153 | 129 | 93 13.5
549 | 7.84 | 6.81 | 7.01 5.72 | 8.69 6.24
(%) 7 3 3 9 7 1
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Fig.4 Temporal comparison of the observed SYM-H index, the full-storm prediction of the composite
model, the point-by-point root mean square error, and the 1-hour prediction of the composite model for
four intense storms. The black solid line denotes the observation, the red long dashed line the full-storm

prediction, the blue short dashed line the error, and the green long dashed line the 1-hour prediction.
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Fig.5 Same as Fig.4 but for four weak storms. The black solid line denotes the observation, the red
long dashed line the full-storm prediction, the blue short dashed line the error, and the green long

dashed line the 1-hour prediction.
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Fig.6 (a) Scatter plots of the predicted and observed SYM-H indices for intense storms (storms 27,
29, 33, and 37). The black circles, orange squares, green diamonds, and blue triangles represent
storms 27, 29, 33, and 37, respectively. (b) Same as (a) but for weak storms (storms 26, 31, 35, and
36). The black circles, orange squares, green diamonds, and blue triangles represent storms 26, 31, 35,
and 36, respectively. The thick black dashed line (y=x) is the identity line.
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P 1 AW 2R B B

Appendix 1 Storm events used in this study

A=2 FFas A A S5O SYM-Hmin (nT) S
1 06/08/2000 16/08/2000 -235 Train
2 15/09/2000 25/09/2000 -203 Train
3 01/11/2000 15/11/2000 -176 Train
4 14/03/2001 24/03/2001 -165 Train
5 06/04/2001 16/04/2001 -280 Train
6 17/10/2001 22/10/2001 -219 Train
7 17/05/2002 27/05/2002 -116 Train
8 15/11/2003 25/11/2003 -490 Train
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Agas FriEHM SR HH SYM-Hmin (nT) e
9 20/07/2004 30/07/2004 208 Train
10 02/01/2005 12/01/2005 -112 Train
11 13/02/2005 23/02/2005 95 Train
12 03/03/2005 13/03/2005 -66 Train
13 19/08/2005 29/08/2005 -179 Train
14 01/04/2006 11/04/2006 -107 Train
15 14/08/2006 24/08/2006 95 Train
16 20/09/2006 30/09/2006 -58 Train
17 07/12/2006 17/12/2006 211 Train
18 05/03/2008 15/03/2008 -100 Train
19 05/10/2008 15/10/2008 -65 Train
20 01/03/2012 11/03/2012 -150 Train
21 01/04/2010 15/04/2010 -90 Validation
22 05/11/2010 15/11/2010 -55 Validation
23 18/06/2015 28/06/2015 208 Validation
24 01/09/2017 11/09/2017 -146 Validation
25 05/05/2019 15/05/2019 -80 Validation
26 16/01/2000 26/01/2000 -101 Test
27 02/04/2000 12/04/2000 -320 Test
28 19/05/2000 28/05/2000 -173 Test
29 26/03/2001 04/04/2001 -437 Test
30 26/05/2003 06/06/2003 -137 Test
31 08/07/2003 18/07/2003 77 Test
32 18/01/2004 27/01/2004 -137 Test
33 04/11/2004 14/11/2004 -394 Test
34 10/09/2012 05/10/2012 -138 Test
35 28/05/2013 04/06/2013 -137 Test
36 26/06/2013 04/07/2013 -111 Test
37 11/03/2015 21/03/2015 234 Test
38 22/08/2018 03/09/2018 -206 Test
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