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Abstract Real-time automatic detection of solar flares is an important component of
operational space-weather monitoring, as large flares can trigger ionospheric disturbances and are
often accompanied by coronal mass ejections and solar energetic particle events that threaten
spacecraft and ground power grids. Traditional rule-based flare detection algorithms often suffer
from complex background noise and closely spaced or nested events during solar maximum,
which degrades event recognition and segmentation performance and further leads to missed
events, undercounting, and biased start and end times, particularly when the background flux is
elevated and event boundaries become ambiguous. To address this problem, this study proposes an
improved physical-threshold detection algorithm. Using GOES 1-8 A soft X-ray flux data with a
one-minute cadence, a dual-channel trigger mechanism with fast-rising and slow-rising modes is
developed to accommodate the morphological differences between impulsive and gradual flares.
In addition, a nested-event segmentation mechanism is introduced to identify secondary flares that
emerge during the decay phase of preceding events. The algorithm was developed using X-ray
flux data from May 2024 and independently validated using the full-year dataset of 2025, which
contains 3152 SWPC-listed events and covers the full range of activity levels of Solar Cycle 25; a
strict temporal split between calibration and test data is adopted to avoid data leakage. The results
show 100% detection for X-class flares with zero misses and false alarms, while the F1 score and
precision for M-class flares reach 0.969 and 97.3%, respectively, corresponding to a recall of
96.5%; the C-class recall reaches 89.2%, and the monthly F1 scores for M-class and X-class flares
remain above 0.9. The mean absolute errors of start time, end time, and duration are
approximately 2.3 min, 2.2 min, and 4.3 min. Because the method relies on pure time-series
morphology, it retains physical interpretability and low computational cost, making it suitable for

space environment event monitoring and rapid solar-flare event-reporting applications.

Key words Solar flares, automatic detection, nested event segmentation, space

weather monitoring
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Table 1 Classification Standard for Solar Flares Based on X-ray Flux
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Table 3 Representative statistics of the May 2024 calibration set in the monthly official flare catalog from 1996 to 2025

Ei-t7N 2024-05 {8 ik &2 P 2o (<=1H)

ISR LS 378 2/342 99.7

C R BEEL 235 20/342 94.4

M ZORPEEL 122 1/342 100.0

X GO EL 21 1342 100.0
MH+X S5 143 1/342 100.0

HERNRE A0 5L

57 1/342 100.0

Ca —SEIT AR TR ANIE T8 — F0F S5 R (o] AR AR AR S ETD

1.3 HiEmAE

J5n P REBEETREN Y PR LS RE. HEsfihftmE a0 80w . Bk R
Pa A AT FAL B AR .

(1) I B 55 1 ZeAe An vt R IR 1) e 0, A 3 0 2R 48— 9 1 min (AR 8] P
HIF (t)o

() KL RUE A HAESIBR: SRR BLEAE RIS R R aERL T 3. AR Tee 7 H
et TR X LRI gy, A AT S B BRI ELBEI BRI TS JeEl ORI (hE S, X
FRIE N ETHRER R BB A, FRATE T E AP R A 1 I 8 1) 25 ks 53
R FHY R 8w R AT 0 S A O P 208 s (B A o i 1 i R A HE 6 A IR B TSI
PEPNEE_ETH RIS A7 AT e AR e P Sk Y = S A

2 B3Rt

AL O B R RPLAS I G085 — RSP R, FZAH =B Moxi
M FAAHBEAE AR Qi 1 PR BAUE S 1TARESHL BRI PR .



Fast-rising mode

Yes—— :
( (2 min, >40%)
Trigger condition met?

\*Y Slow-rising mode
es "l (@ min, >20%)

Local minimum locking

Real-time flux
monitoring

Nested event ;
> A > Event post-processing [ Independent flare output
segmentation

1 BT EBURSNNEEN FREE

Fig.1 Algorithm Timing Flow Chart Based on Modular State Machine

2.1 MR L

BT AR B2, AR, A SCE T AT i R0 X fd & WL
TE U Z T 1- SA&FXET% BEAF (t). HAHERAEEBEN 1 min (Blt. t+1. t+2
RTINS ZN TR UG RS 1 =AM 22, B 1E] [A] R34 1 min) o

(1) i ETHEE:

A B T RA K R B . X R LTI AR, AE 1 min RFERUE EiE
I By G P 38 A RRFAE

fih A

FI(:t(-lt-)Z) >)\fast A F( )<F(t+ 1)<F(t+2)

(2.1)

Horp, Apg 4 2024 4E 5 AR HER S ORI E N 1.40. RPESRAEBEAE 2 min Py i 1Y
KMt 40%, HBEFHIE 2 t+2 min P ORFR A LR 61

(2) 5218 LM

AR U] Tl LT AR G2 2 A BRI, LMD 22 00 MUX ZommB It , 5 Fi bl 1 88
VRS o b A I B R ER N, H 4 min B R OO R UTEK IR R, o
i TR A R .

fie 0

>A  NF(t)<F(t+1)<F(t+2)<F(t+3)<F(t+4)
(2.2)



Hd, A e 2024 4E 5 LA BBORFIE N 1,20, BIZEREEBELE 4 min PN I8 &1
Kt 20%, HIBEFFITE S t+4 min PN LRFRER B 1Y

PR 4 S Bl R I R E S T SWPC X GOES # X S 2R B <411 M0 554 i
PrifE: RFIESE 4 1 min SRAE R ERE B THE DR BER 4G R ) E KR . BT Xl
SR, R 4 ol RS I 25 R E v 2 e BB BRI R, R TR BT
2. FRRRAE RN KF RSP 5N 2 0 BiiaE BT, USG5 kb Y
PEAIMARIRE /1o AN X LGB E R, Sk S i T AGE E AN 18 T
FIRHE, —He LME—2%0F, RGN “FIHEER" RS, IR ZbRc BT
UEling LT

2.2 iRERHSEHE SEEHLERYE

RES BN AR “OEREE” RIS LRI L TG 5, ARG 8 — g bk
FEAC PR 208 R BRI AEAE R, i, AR SEAAE MR DL TR B BR B BBt i 1 FAT W E
LA E B -

(D) WL RAE R E R D« SR — B O T R AR M R %8 (Half-
Maximum) JEUBEAT 2 BT . B R () 8%, MEEF, 8RB 2 LT R
B 58 S A

F__+F
F end = Peakz <

(2.3)

oot B S A R )R B B, 58 SOl R N 220 € B 7T 4 min CRIE — 4% ey
ZD B ETIE. F peq € SONSH RS2 1] S S8R R B A s A .

PR B LR L W C AT R Py SRR L MLLE % %5 F it ZI1E N
2 RN IF] . 2% AL T G 7 o SR, 0 0 o R 4 2 110 A A K R S )

(2) IREHE 7 BN KR A TR AR 7 F] 1] R 0 TT 56 (AR IE R )
i TR VR IR b, OB A AL RS I, I LI Bl I I) 7 e 5 00 e 0k b £ 10
Rt ME R CBON B 20 C ey ) o WA TR B 151 98 F5€ IO 5 ORI TR 2 AT, G
Coatiey PR HH B S5, ELP™ 906 A2 2.1 19 A “ B B B “ 28 LRt il i
¥, SEOR EREHAT HAFEIT, R e, N 2RI E O 2 BT I AEIB B (0 IH AR R S5 oR I 8], JF
HARAFIHEA RS H (A RIERRD 5 #E X REHEE, K e (ENHT AR
TFaRmE], BB RS -

BT U iR g R e 5 i BRI, 245 T 3T GOES 1-8 A X § kil
BIFAIARM A . Hordr, B 2a AR T EMEMTE  Fou 5 FIREBREE KR,
B 2 R TIELIR R N, BEANT7E 5 — F A 2 0 Bl i 28 8 R o, BT IH A

8



IR IR I EIANLH], FRRENS LR AT — SR M OR 58 A IRIVE I IR B0 BT
R, ANTIPRFEZE SRR e P AR AT AR Rl 7 9 A AT R

(a) Conventional half-peak end judgment diagram (2025-02-01 C7.1)
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(b) lllustration of nested event truncation and new event generation (2025-02-03)
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Table 4 Annual Statistics of Flare False Alarms from Algorithms in 2025
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Fig.4 Segmentation example of consecutive M-class flares on 2025 February 3
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Fig.5 Detection example of multiple consecutive flare events under high-background conditions on 2025 February 24
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Table 6 Typical Cases of the Representative Impact of Continuous Intense Flares on Daily FI Statistics
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HiH B0t B4 BE (min) HH FIEkME FI ZE304R K% FIAEXH5R(%)
2025-02-03 MI1.0 — M8.8 0.0 378.6 88.0 232
2025-11-03 M1.6 — M5.0 0.0 1737 50.0 28.8
2025-05-14 C1.8 > M4.7 0.0 47455 47.0 99
2025-02-24 C8.1 - M3.9 0.0 128.8 39.0 30.3
2025-05-25 Cl1.8 > M3.4 0.0 277.0 34.0 12.3
2025-02-24 C5.8 > M33 0.0 128.8 33.0 25.6
2025-11-03 M2.9 — M3.3 0.0 1737 33.0 19.0
2025-04-13 C6.8 — M3.2 0.0 202.8 32.0 15.8
2025-12-08 C3.7 > M3.1 0.0 256.2 31.0 12.1
2025-08-03 C2.6 - M2.9 0.0 727 29.0 39.9
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Fig.6 Monthly Temporal Stability Line Chart of the Flare Event Recognition Model (Red dash-dot line: C-class flares; Blue solid

line: M-class flares; Yellow dotted line: X-class flares, all representing the monthly variation of F1-scores)

M 6 FTELE H, M A X GRS AAS U 1 e #h el A8, F1 0 BUa & 4EF74E 0.9
LAk, OREEZ=5 80 B2 Sl & f AR L S kal. 10 C ZORETE e Il 14 R i 2k 8 5
PERCKR, Fpal @ RS X # R, X 5 5AR R BUZRHER G, REWL, C %
PERIH FE F1 0 BURZARFFAE 0.71 sz LU b, SREH B ah AR Ab T FILH. 58 4wl 4% 1V [
Mo

BAME, FAERIE—F RN R B I PR E . XU K gL IE
TS RE FARNFA T, FER I EYERERIL, A SCHEREBE N U KL 5503217

3.6 B ESH—BU T

9 1 B A S R 7 S50 06 R B I TR) 2 5 e fe T, FRATTRE K A A Rl D DL T
(TP) WA “BAR” “ME” 5 “X g7 =35, @itk “HiEm” 5
“SWPC t5 2 ” IREBE AT 1B (0] RESEET [A], TH 5549 B85 2800 i [0 2 500 P 4 0 % 2%
(mean absolute error, MAE) , WK 7i&ZEZ0 A E T EFIR. BRSSPI

(1) FFAERF AR ZE M BRSO R BE T 4R i (A1 ¥4 2 5 SWPC ek = JE A,
FEBEFE A MAE 79 2.33 min. M 0 BE 46 I R) 3% 22 B R UF A IEAS 7045, MAE N 2.45
min; X ZOMBEFFURIN [A] 1R ZE S AR /NX A N, MAE A 3.67 mine SVATI S, 4HTH %
{0 G ] % 222 008 3] 2% [ R ALk 45 AR £y B AR K ST

(2) BRI AR ZE 30 PRI (] R ZE A R I BB R R . W T X SO,
A5 H] A MAE {0 0.28 min, Fr#EZ 2.36 min, JLF5 SWPCidsRE A, XIEERZNR
DRy R R L R o £ M LR AT D e v SRR TN T MO B, 45 R ] MAE N
1.43 min, 54T P PR HINE BN o (R BRI RN M A EE K BN, (5% C 4
W), FEJFE R ISR RS AR, RO SRR, M SEET RS
i JE R ZHE, HE5E A MR TR KO SURE S SRR Y W LA 2 (A 7E &R
G 20,

(3) FREEF AR ZE 0 My B 2 ) a) phy A LB R 1) 3G ) e, LA 25 00 A BLA s
THEEN SRR A Nz E R 7). ETEER, AR M YS X GO R FEEERT
[8] MAE 435 4.33 min. 3.83 min f13.94 min, X—{RZEZ W _EAR . 11 F G H E iR ZE A
BPa F A RARE . MWIRZER S BARRERE, BFEA . M ZURT X O BE ¥ bR ik 2 5 1
3.89 min. 3.30 min FH 2.72 min. Ak 22 B R BE 5 BE 1 T i T AR UR SR, X RIS TS M b
FrE . PERHE T R R AR ST, BOEER KT R TR — S ST Hae



18

FEF IR ZESRAR b, B Z00 1 ME 2RI T%F (4 FEA ME fX4-0.06 min) , 5B
SRV AE 20 1 R DR A i ) SN AN AR AE R GEIE R o R Bl R Rl . B R E
SEEREPE (M/X 20 BSR40 ) S0l 3 A A b B8, XM E R G E 7
B IR ZE S B S B R O P B (AU 2 J LF- AT A T 52

SR B, SRR IR R 2 BOH) R T T RES B i S R B (0 2 LR SRR . R 2
223 18] R T BE DY SRTE I M AN X SRR S b, A TOUT [) 200 R 22 o 2 A 2
WHN, HIRZEDMAAAERZERAIER, RYNIZTTVERNS rs LR BT 7 Al 55
SEMBONRESE [ (8] 2 54

(a) Error of start time for all flares (b) Error of end time for all flares (c) Error of duration for all flares
H 2500 H H
ME: 0.34 min ME: 0.28 min I 2500 H ME: -0.06 min E
MAE: 2.33 min MAE: 2.20 min MAE: 4.33 min
2000 H STD: 4.68 min STD: 2.86 min STD: 3.89 min
2000 H
2000
= 1500 |- = =
g g 1500 - 2 1500 |
E 2 E
= =3 =3
2 2 2
£ 1000 = 1000 - = 1000 |
500 500 - 500
1 1 1 0 1 J- o 1 0 1 ol 1
200  -100 0 100 -200 0 200 -200 0 200
Time Error (min) Time Error (min) Time Error (min)
(d) Error of start time for M-class flares (e) Error of end time for M-class flares (f) Error of duration for M-class flares
250 T T
ME: 0.84 min 1 ME: 0.30 min 250 1 ME: -0.54 min
MAE: 2.45 min 250 F MAE: 1.43 min MAE: 3.83 min
200 H STD: 1.47 min STD: 2.56 min STD: 3.30 min
200
200
Z 150 [ B B
E % % 150
E 5 150 E]
g g 3
< 100 | = = 100 |
100 |
50 | L 50 F 50
0 1 1 0 J— e 1 1 1 0 1 J 1 A1
-50 0 50 -20 0 20 40 60 -50 0 50 100
Time Error (min) Time Error (min) Time Error (min)
(g) Error of start time for X-class flares (h) Error of end time for X-class flares (1) Error of duration for X-class flares
T T T
6 H ME: -0.67 min F ME: -0.17 min |f] Srpd ME: 0.50 min
MAE: 3.67 min 12 H MAE: 0.28 min 1 MAE: 3.94 min
5 H STD: 4.11 min _ STD: 2.36 min : STD: 2.72 min
4 F 1
10 | I
1
4 ]
7 z s} gL |4
= = = -
5] |5} 5
3t Z El
2 2 6 2
= = = oL
2 F sk
1 1 | _” m H
0 H 1 1 1 m 0 L L J] 0 L 1 1
-30 -20 -10 0 -1.0 -0.5 0.0 0.5 1.0 0 10 20 30
Time Error (min) Time Error (min) Time Error (min)

E7 BB IARTE. SR E SHENEIRENFENTE (17: SRR/ MK/ XR; F: TG /2R 8)/4555 0 1E)

Fig.7 Error distributions of flare timing parameters (Rows: All/M-class/X-class flares; Columns: Start time/End time/Duration)
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