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Fig. 1. Predicted versus observed SEP peak intensities at
SOHO or STEREO-A/B (STA/STB) spacecraft for the fast
and wide CMEs with speed greater than 900 km/s and
width greater than 60° in the study period. The quadrants
defined by crosshairs set at equal predicted and observed
intensity thresholds divide the events into hits, false alarms,

correct rejections, and misses.

1) b (Hits, FIEF], SEBRINE] R SEP 3
A A TR A A I AL R ot (R RO A R T
SEP HFE{H), H b S0 e ol
& (HR);

2) 1R#l (false alarms, {5 1E 1, SZFRA LM 5]
SEP i g B8 Fi > —4~ SEP Fi44, fili{E KT
L, RN T ), e o SRR il Sy
el i b (FR);

3) IERAHE4S (correct rejections, FLJZ i, SZFR
AN F) SEP 74 =5 14 1% A 9l A A T Sy — A
SEP F4, TR0 & A0 IS #/NF B R, b

FF L SON IERFEZ 5 HE (CR);

4) Ik (misses, BB, 520 SEP FH %A
A AL TGO S — A~ SEP FE44, FAE /N T 15 {8 i
WEINEL R T BI(E), e o B 1 bl e SR i
gt (MR).

[F—21F T, A SEP B{E ML HESHE A
[ 7 He. M Richardson &5 481 (2014) Z8 50557151
PRt 2 1, Bl SEP SR, K
P> R RAR , BT LAAS SC B R X R PR R
TR AN 1 25 R AR, IFIFR e S ] LA
RO R, FRARRRR. A SC B TEl i AN R 4%
2T B 22 g AR i 1 45 SR 5 S BRI iy LA
ST, HE— 2D PR i e AR SO A% R 1 G B PR 2R
M5 SEP ## ¥k SEP 2%k 4EE CME,
pre-CME, 1T U5} B B S5 PR 55 2 (A1) K.

4 BHEERERIAN
4.1 pre-CME

SR K CME W] R 5 8248 & i PGk CME
PR & AR AR A R s, KK
P CME B B 34005 An s 7 5 588 55 DA T 388
FeH SEP HARIATRE. & 2(a) A1 2(b) Sos TH
# CME fif 13 h 7 TG pre-CME 1§ &t T A9 A5 A1
w2zt 5. & 2(a) ME 2(b) ATLAE R, A pre-
CME Hf iR 5 b 47.7%, 4l T JC pre-CME
BT O (70%), T A7 BB & TG pre-CME
DL (27.2% ws. 6.7%). %45 FUEH, Pk CME
B 13 h N A pre-CME 8 %, W 4= SEP F4}:
AOME SR IE K. 25454 pre-CME FELEAE g5 250 gy o
(LIRS, AT DL B I8 A AP A 1 205 B 8t
e, $ e o, B Us . Bk, A pre-CME
TEAENT LIE A SEP-rich 268 CME AR BI(E 5
Z—.

pre-CME ) 0 12 J2& 75 52 M 5T 750 $iit 0 &% 2R 2
Bl 2(c) Won T B ) DU AN F8 5 Bl PR CME i
13 h P pre-CME B AL R, HE 2(c) ATLA
E |, Wiz pre-CME & (3 in, SEP $5 {41542
& F L 2R pre-CME %0t T B B Y3k
BT Ak, KW pre-CME ZHF A4 IF 1%
7B X AR T R 7 A W SR AR G B R R B
# pre-CME % & (38, S5 2%k (B 2(c) R

079601-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

W F R

Acta Phys. Sin.

Vol. 73, No. 7 (2024) 079601

104

104 - 80 800
(a) | ot (b) 1 HR: 113/415 L (c) —* HR —e— Selected
FR: 63/90 | HR: 6/90 FR: | (27.2%) - —— FR events s
102F  (70.0%) 1 (6,7%) 102 198/415 | o;‘ 60 CR 600 N
1 7’ 1 7’ o
2 « S 2 (477%) L, gemwgbe MR 2
1 4 <l
% 100f Yol ne oSTA = o [} g :
= & esTB = e STA g 400 ¢
£ ol M8 i7e _esoHOl & 1 K __.®STB_| & 2
£ 10 AI, < 10 . » SOHO ~ 5
& S e = ! 1200 2
10-4 1 Nopre-CME P R pre-CME g
CRY19/90 | MR: 2/90 CR>97/415| MR: 7/415 Z
7 (21.1%) | (2.2%) 7 (23.4%) (1.7%)
sk L .‘ sk L ; 0
10-6 10-4 10-2 10° 102 10% 10-6 10-4 10-2 10° 102 10%
I,/ (pfu-MeV 1) I,/ (pfu-MeV 1) pre-CME number N
& 2

(a) NAFETE pre-CME I}, SEP 3 1 i I {1 5 WL & 3¢ 2 ; (b) 7F7E pre-CME I}, SEP 5 J& Fil i {15 5 WL 54 & ; (c) FEAR S
PFECEL B pre-CME F 480k 25 4k (M), HR, FR, CR 1 MR Bf pre-CME {0t iy A8k (. 20 18 L %)

Fig. 2. Predicted versus observed SEP intensities for the fast and wide CMEs without (a) or with (b) pre-CMEs, and (c) the num-
ber of selected events (black) and percentages of HR (blue), FR (red), CR (yellow), and MR (purple) versus the number of pre-

CMEs.
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ent SEP intensity thresholds.

w2 SRR/ Ny B i
5 TT R E S PR (P 3(D)). AR TG T 7055 e, 5 (pfuMey ) CIEATRR(SS)  AIRALRELT)
B, A T 78S e A B ) 5 i i o L TR AR 10-2 68.1% 42.0%
(42% wvs. 68%), H ¥ Z 1y SEP 5L F 44 & . 1073 71.8% 32.8%
A[F] SEP 5 {5 5 W8 1% 00 F , A4 TG I0R I 10~ 80.9% 36.6%
10* ; 10 ;
(a) ! (b) !
FR: 128/188 i FR: 133/317 i
ek (68.1%) | - (42.0%) | o0
E E S o ”/ °
= i o ° ® oo \ o® ,‘.
S o100t $ o ® STA > 100t ,i $ osTa
S ®°e 4 ® STB < e STB
= .. °e ® SOHO = ® SOHO
S 10-2p--@---- --;f’-/ -------------------- S j02p--f----- ORI
&5 ./ : & :
lo-4f " e i No type II 10-4 i Type 11
00 10—+ 10—z 10" 102 104 107160:6 T 102 100 102 108
I,/ (pfu-MeV 1) I,/ (pfu-MeV—1)
B 3 AR 1T A 2 () AR 1T AL B 2 (b) B, SEP 8 B 1500048 5 000 {6 ¢ 3R

Fig. 3. Predicted versus observed proton intensities for the fast and wide CMEs without (a) and with (b) type II radio bursts,

respectively.
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Fig. 4. Predicted versus observed proton intensities for the fast and wide CMEs without (a) and with (b) radio enhancements dur-

ing the period of type II radio bursts.
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Fig. 5. (a) Fraction of hits, false alarms, correct rejections, and misses in all predictions versus the upper limit threshold ( fs ) of the

starting frequency of type II radio bursts; (b) similar to panel (a) but for the lower limit threshold (f); (c) number of hit events

among all the predictions in different thresholds of SEP intensity using the lower limit starting frequency threshold for type II

radio bursts.
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Fig. 6. (a) Fraction of hits, false alarms, correct rejections, and misses in all predictions versus the upper limit threshold ( feq ) of

the ending frequency of type II radio bursts; (b) similar to panel (a) but for the lower limit threshold (f.q); (c¢) number of hit

events among all the predictions in different thresholds of SEP intensity using the lower limit ending frequency threshold for type II

radio bursts.
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Table 2.  Predicted results of SEPs associated with
different classes of type II radio bursts.
N . -
S PRI S i
metric 6 1.9 83.3 0
DH 39 12.3 56.4 12.8
km 6 1.9 50 33.3
m-DH 32 10.1 43.8 25.0
DH-km 107 33.8 41.1 33.6
m-DH-km 127 40.1 35.4 48.0

5 T M g
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Fig. 7. Predictions versus observations of SEP intensities for different classes of type II radio bursts: (a) metric; (b) m-DH; (c) DH;

uf, 5EEAG53 R 0.

2) HERI%E ACC (accuracy)

ACC = (Hits+ Cr)/(Hits +FA +Cr +Misses),
FAERALXE SEP FAFHI-E SEP 4 1 T 1E i
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3) 2= BIAS (frequency bias)
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4) i3 POD (probability of detection, hit
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6) HK ¥/ (Hanssen and Kuipers discriminant)
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Fig. 8. (a) False alarm ratio versus threshold of SEP peak intensity (0 is a perfect score), for different CME selections based on

their associations. The curves are for CME with speed = 900 km/s and angular width = 60° (black crosses), pre-CME required

(red asterisks), type II radio bursts required (orange diamonds), IP type II radio bursts (DH-km or m-DH-km) required (green

squares), m-DH-km type II radio bursts required (blue squares); radio enhancement in type II radio bursts (purple triangles).

(b) The accuracy (fraction of correct predictions) versus threshold (perfect score = 1).
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Fig. 9. (a) Frequency bias (BIAS) and (b) probability of detection (POD) versus threshold of solar energetic particle peak intensity

(Bias: perfect score = 1, POD: perfect score = 1).
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Fig. 10. (a) Probability of false detection (POFD) and (b) Hanssen-Kuipers Discriminant (HK) versus threshold of solar energetic
particle peak intensity (POFD: perfect score = 0, HK: perfect score = 1).
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P 22 SR FEL 4 5 S 2 T AR 00 45 SR LA AR 4
23R AR U S R SR — A5 T D LA A
REAK/IN /55 SEP =R 1y iR 4% s i A8 5 0 B A
T, CME # B /1 %8 25 {4 #1 pre-CME HA7 A XHI%

s R (HRARIT 5, A 240 T s ey 225
AK. Bl 10(b) o T AE SEP MR 58 B {5 T
FASE AL TN HK W4, 7T LA 3, 452840 T wiml
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#* 3 M4 SEP BfHREEER 0.01 pfu/MeV B YREHIE H 45 RAITAN 845

Table 3. Example of skill scores for SEP intensity threshold = 0.01 pfu/MeV.

Kt total Hits FA Cr Misses FAR POD BIAS POFD HK ACC

SERAFIT 0 1 1 0 1 1
CMEHE =900 km/s, fi%e=60°(XH84) 505 119 261 116 9 0.69 093 297 0.69 024 047
Tpre-CME 90 6 63 19 2 091 075 863 077 -0.02 028
Fpre-CME 415 113 198 97 7 0.64 094 259 067 027 051
JCIIE e 2% 188 7 128 53 0 095 1.00 1929 071 029 0.32
EERIEAR RS 317 112 133 63 9 0.54 093 202 068 025 0.55
Jeift i 181 46 93 38 4 0.67 092 278 071 021 0.6
EER IR T 136 66 40 25 5 0.38 093  1.49 0.62 031  0.67
fst <140 MHz 279 99 118 55 7 054 093 205 068 025 055
fst =140 MHz 38 13 15 8 2 054 087 187 065 021 055
fea < 0.1 MHz 45 22 17T 4 2 044 092 163 081 011 058
fed = 0.1 MHz 272 90 116 59 7 0.56 093 208 066 027 0.55
m-DH-km TG 2% 127 61 45 18 3 042 095 1.66 0.71 0.24  0.62
DH-km TS 5% 107 36 44 22 5 055 0.88  1.95 0.66 022 0.54
m-DH-km + DH-km (TR EE) 234 97 89 40 8 048 092 177 0.69 023 059

W THAE . &6 5, X T8 SEP FH 1
(<1 pfu/MeV), IT %Y 5F Ha 52 G p 38 5 24 3] 55 1
A DARAGHR G A A TR By o A5 SR 5 TR 40 iy R =
F (=1 pfu/MeV), /& & EHEA m-DH-km 1T £
S b ) A5 A

% 350 T SEP {4 0 {8 il & 9 {H %
0.01 pfu/MeV i, 25—60 MeV AERHEFR) SEP 55
PHTES S PSR BN 45 R AN e . 5
LAl ] CME 3 B2 Ff SEVE M R R A L, A
pre-CME & F T 45 R &f T & pre-CME 44,
1T 700 55 Pl 28 P B T O S LA B, 7 10 700 05 Pl 2
ST A SRR A LF TS R RS B, AN )
IT 2 55f i 2 40 43 25 B0 m-DH-km 284 F HoAl 2%
Rk JUA 2 o A5 R T BT T oA B 4 B T
T77 1T 780 55 Pl 58 A U 01 23 4% R 238 5 (1 18 e
TS AL 5 SR 0 RS B T . AT
F15]—4 CME & & 58772k SEP 4, |2 &0
J& CME #BEFIA T8, HUOHEF & G HEREA pre-
CME, 11 UGS 5 | S 30 | 22 0% B i S5 RPAIE
55, XEMEH{E S AR A 1P CME /) SEP-
rich F¢t, RITEZS 5 74 SEP F4F.

6 ZRKitib

AREGEE 2T R BA WG, 1EEUT 2010

4E 1 H & 2014 4F 9 H WIE A PE (=900 km/s).
KFATE (=60°) CME % & 1+, 5T Richardson
(2014) BRI S J34fr 7 CME J& 14 | pre-CME
IT AUSH H % K H I F 3SR | SRR AR A4 3 2 A 45
WL AFAE X 25—60 MeV gL F N SEP 51 ¥ (1)
SN, I I AN [ SR 2 R AR T A0 8
b, BE— WM T SEP FH44:5 CME K H LR
RZERFER. FEER LT 458

1) PR 58 B CME §f 13 h P J2& 15 77 7F pre-
CME Xt SEP H:7 E A B R 52 0, 47 pre-CME
FEAEIIAE R LA AR R4S He (47.7%), KT
WA pre-CME HI1ENL (70%), 1H pre-CME 40
Xof A A 00 5 SR VA B R . pre-CME X 45
RIZE R R B T 2 CME (twin-CMEs) =
A SEP SHFTEAE S, pre-CME 1 AHE CME
XS AR L 2 A Fh 1R

2) AT TG 11 RS F 2 A RE R s CME T
T, A 11 BV SR AR A P CME 74 SEP =
AR ME S5 e, AR 25 SR o b B HE R R
5 LR (42% vs. 68%). %A 1T 5 ep Z2AEBE
U, R E L 95%, HERIR RA 32%, B
BERE TT UG i R AR RS R 2 45, T DI
IT 7055 L R A B 1) I IR AR S P HE R 5, AT B2 5
B R ERf 2, FRARR IR, 50 1, 50l SEP =
P BT L A S5 P A B 1 3 R — N /55
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ik, HRERD.

3) 7€ 11 BV oL 2 29 s 5 R Sk ath I, 555 IR
P IS U] DL RAS S A AR A i R R A R
5 TR A CME, A5 57 58 1) S 54
b7 B AR T oS F R e (29.4% vs. 51.4%),
i i e AR (48.5%), I Al 4% TRTAN 45
BRI AR GT, TR TR AR S e b R B A
(). X AR EL T R B A TR ) H 5% 8 i Y b ek
CME #7557 SEP Ff%.

4) 4 1T U5 el 8 e 2 B B BEAS [R) 2R 1T 40 43
PNPNERY, G LB R AL T AR A T 235
I, PR R 22 U B T U S5 e 2 9 S5 R SR 4 T o —
BB E, 20 B o SR 240 Horb m-
DH-km 28 2 {1 Bt 35 {4 A A 78 T I s 2R e, R
J& DH-km 2%, X 50K m-DH-km 2% 1T 7 5 i 5%
FPLE CME B 5 724 SEP F44 Jt Hodg RF 41y
WEFE S5 I8 SCRk [23, 26] —2L. BLAk, Baafify) 11 &
S FL R AR AR B 2 R R S B X SEP 58 1
ST A B .

ZEA VL EEET, BT SEP 3R 5 CME U4
SR RUAE AN [R) 29 SR 25 A0 10 % o 25 R 5 A, BB
pre-CME, IT B} A 2 N HC S8 | Z2 0% B 1T RS
SRR RS e CME 5 SEP S HA &ty
(R RE S, 2 0 A AR T 000 A0 S 252 LA () R B 1 2
T, JUHOR AR LT 750 5 r 5 S e 194 56 R 255 1 22 3
BLRYNE L, SEP 5if B AR RS 25 SR 5 52 B Ui =2
B HAT Bl i — B Xt — 2 R IARERE A pre-
CME. % Bt 11 U5 B 2 J s i Pl CME
WGy oA SEP F 4, X B AERfRRAE 1] 4 Ry X il
SEP-rich fil SEP-poor 2& CME i H 2 (5.

SR DL B8 90 o 2 (3 A SO I 4 - CME %88
(CDAW, https://cdaw.gsfc.nasa.gov/CME _list); #BEAH
K (LMSAL, http://www.lmsal.com /solarsoft /latest
events archive.html; https://solarmonitor.org); DH ¥
11 78 5% HL % 31 2% (https://cdaw.gsfe.nasa.gov/CME _list/
radio/wa-ves_type2.html); K I 5 B W 4 (Learmo-
nth, CULG, YNAO, http://www.sws.bom.gov.au/World
Data_Centre, ftp://ftp.ngdc.noaa.gov/STP /spaceweath-
her /solar-data/solar-features/solar-radio/rstn-spectral /
learmonth, http://secchirh.obspm.fr/index.php; BIRS,
https://www.astro.umd.edu/~white/gb/Data/Images);
DH 3 Fl T 2K 5 S 1 WL £ 45 (Wind /WAVES, https://

cdaweb.gsfc.nasa.gov/pub/data/wind /waves/; STEREO/
SWAVES, https://solarradio.gsfc.-nasa.gov/data/stereo/
new_summary); e Be AL F 4% (STEREO/HET, http://
www.ieap.uni-kiel.de/et/ag-heber/costep/data.php;
SOHO/EPHIN, http://www2.physik.unikiel.de/SOHO/
phpeph/EPHIN.htm); STEREO T & i # (https://ster-

eossc.nascom.nasa.gov/where.shtml).
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Abstract

Based on the multiple-vantage observations of STEREO, SOHO, wind and other spacecraft, the fast and
wide coronal mass ejections (CME) during the 24th solar cycle from January 2010 to September 2014 are
selected in this paper. Using the outputs of Richardson’s (2014) empirical model of solar energetic particle
(SEP) intensity under different conditions, the effects of its associations such as CME, pre-CME, and type 11
radio bursts, on SEP intensity are analyzed, and the relationship between SEP event and these characteristics is
also discussed. The main conclusions are as follows. 1) The presence or absence of pre-CME within 13 h before
fast CME significantly improves the model prediction effect and has a significant influence on whether fast
CME produces SEP event. Compared with the events without pre-CMEs, the events with pre-CMEs have a low
proportion of false alarms (FR: 47.7% vs. 70%). However, the number of pre-CMEs does not improve the model
output. 2) CMEs with type-II radio bursts have significantly lower FR to generate SEP events than fast CMEs
without type-II radio bursts (42% wvs. 68%). And selecting type-II radio bursts as a constraint will filter out
some small/weak SEP events, the relationship between model predictions and observations especially for large
SEP events (e.g. 1, = 0.01 pfu/MeV) will stand out. Moreover, if the type-II radio enhancement is taken into
account, FR can be further reduced to 29.4%, and the proportion of hits can be further increased (HR: 48.5%),
and the model prediction is significantly improved. 3) The larger the start frequency of type II radio bursts, the
smaller the end frequency is, and FR decreases slightly, but at the same time, a large number of SEP events are
excluded by this condition, and the results show that the constraints on the start/end frequency of type-II radio
bursts do not improve the model predictions distinctly. 4) If the sub-classification of type-II radio bursts is
considered as the model constraint, the CMEs associated with multi-band type-1I radio bursts have better
model predictions than those with single-band events. For example, m-DH-km type-II radio bursts have lower
FR (35.4%) and higher HR (48%), and the accuracy of empirical model is higher. In summary, we find that in
addition to the velocity and angular width of CME, the associations of pre-CME, type II radio bursts and their
enhancement, and multi-band sub-classification are the favorable conditions for CME to generate SEP events.
The SEP intensities obtained by the empirical model have better consistency with the observations, and better
predictions can be obtained. This investigation indicates that SEP events are more likely generated by fast and
wide CMEs accompanied by pre-CMEs, multi-band type II radio bursts and their enhancements, which seem to
serve as discriminative signal for SEP-rich and SEP-poor CMEs.

Keywords: solar energetic particle, coronal mass ejection, type II radio burst
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