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Abstract: By introducing the real -time estimation method of seismic source rupture characteristics in to an earthquake early
warning system (EEWS), we can effectively overcome the shortcomings of the traditional point-source-model-based estimation of
target warning intensity and potential damage zones, and improve the disaster mitigation effectiveness of an EEWS. The real-time
performance of existing methods is usually only at the minute level, which cannot meet the high timeliness requirements of
EEWSs. In this work, we developed a real-time method to continuously estimate source rupture characteristics considering P -
wave warning parameters. This method is an improvement of the finite rupture template matching method, namely FinDer. The
system test results show that the results obtained using this method are about 3 s faster compared to the FinDer algorithm results at
the same moment after the earthquake, and the results of individual earthquake cases are 5 s faster. Additionally, at the early stage
of rupture, there are large fluctuations in the obtained strike ¢ due to the influence of seismic radiation diversity, site, propagation
path and other factors. As the rupture continues, ¢ will gradually converge to the reference value. Moreover, for earthquakes of
magnitude less than M7.0, relatively stable rupture characteristic parameter results can be obtained 6-10 s after the earthquake

origin, while for M7.0+ earthquakes, it takes longer time, especially for mega-earthquakes such as the Wenchuan M8.0 event,
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whose results need to be gradually stabilized only at 40 s after the origin with relatively sparse station coverage.

Key words: source rupture characteristics; P-wave early-warning parameters; finite template matching; real-time waveform data; earthquake.
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with PGA(Peng e al., 2021)
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Fig.2 Flow for the finite rupture template matching process
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obtained by the FinDer algorithm
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Fig.4 Simulation results of M8.0 Wenchuan, Sichuan earthquake at different moments after the origin.
T MO ZE B A, I B0 BT, A8 50O A A T 145 B0 AR5 L B8O A FinDer 50 15 2 AL 25 58 Horh ) 0 60 S0 20 R 68 [ 1 43
I3 Ry BJEATH ) A 2R BRI B0 Ak 0 S PG A 75 21 B9 AL IR (B 1RAR R, IE T O T B i 6 R T A I 2 S = S PG A
B U G R bR 30T 1 52 0 o A A A R P L



398 HiBERBL2%  http://www.earth-science.net 49 %

100
a R akd 2
~ 80 o & @00
—i ol . /G’? _D___un-m-‘-l:rum“‘ﬂ TP s
I o9 —o/,_g-u-‘_‘a EE
W o -eo—0 _ B-&
® - ———— T e
= /0/3 .
20 -y —6 - AH¥HE o Fi —— B ¥
o ¢ g-o T e-- AJjik B FinDer e
0 | 1 | | | |
” b o6 & o070
o O—06-& ©-—0-% © -0~
Tob——— - - - - E’_g__e_—gr_g_ﬂ_m_u._n_ﬂ_ﬂ_ L o = A
= o oo S fATE T
X
B 6.5 y e
P 8
6.0 /B
-4 oo
| 1 1 | I 1
270
‘ ¥ eea . ,
230 | \ BB O%g 8 e
R AT T T T T T TR/ T T e e BTy ]
= 190 | 8 29
# \ /G— 'ﬁ,.m._gz e}*ﬁ
150 Y i o
110 | Il 1 1 Il 1
0 5 10 15 20 25 30

& i 1 Z(s)
FI5  mRJE SRS 200G 1 1 7.0 St AR 0L 25 2R 5 FinDer 5303 5 S %) 1
Fig.5 Comparison of simulation results of M7.0 Lushan, Sichuan earthquake at different moments after the origin with those ob-

tained by the FinDer algorithm

a
40
E _P—e-—86 -6 -6 -0 -0 0-9-8—6—6 -0
T - ————— F - e e =
= e~ o
E}A 20 - /EY/ (1 e R - L - S i = e o
i e I = SRR - FRERNY = RO o
: - < - TR O - ; .
10 —C&- - AJjik B FinDer —— &%
0 I I 1 1 I I 1 1 I I
b
700
©—9—6—6—0—0 90— 9V—9—e—6—06 ——0
Ses5t o o
R <
& o [
- =
6.0k _® [oEIVE  FRVPO - RPN o
& BB o
I I I I I I 1 1 I I
170 [ ¢
a BB BB B B
—~ 140 = B G
=4 | AR }gv\e ~BF—0- ~0— B B~ B —B.—G -8 o B
%110 ________ 2N S A T
o —d g
80 [~ G|
50 I I I 1 I I 1 1 I I
0 2 4 6 8 10 12 14 16 18 20

7= Ji 16 1 (s)
K6 5% Ja AR 207 06 6.9 S M FR AR AL 45 5 5 FinDer HEA 45 R A H
Fig.6 Comparison of simulation results of M6.9 Menyuan, Qinghai earthquake at different moments after the origin with those

obtained by the FinDer algorithm

) 8¢ 45km M1 357/215°(FinDer) , i A FEZ )5 25 ZJa 30 s A4, EEAEARIL T 11 29 80 km Ab il % 1
sAE & 65 km M 41°/221° (A& Jr %) 5 60 km 1 36°/ — R M5.5 %17 (Kodera et al., 2016) , % K 3 72 B
216°(FinDer). 7% )5 31 sHHE S5 , L &4 —4W P s AR b 7 2l 5 R M AR S AR S, — 2B B n
B hnE H R &K 2 80 km. X AT REE 1 TAE T LA R B 85 R T, R A D7 8 FinD-



A T B P TRUE S B e VR SRR A S N R Ay vk

%2 399
100 a
E 80} a-o-0-0-0
Rt 1 ;58787 —————————
A o G800
®40 - e—e'&&_.ﬁ'ﬁ_-ﬁ’g_
= e ®8oat®
20 1 e/g—_gf_g,m o —G- - AKJj¥k B FinDer — — &%
0 1 1 1 1 1 1 1 1
b
175  _ _ o
: B 8-G-8-0
g 7Ol ﬁ-ﬁ-ﬂ-eB"B"-@-ﬁ-ﬁ--e»-e-a-ﬁ"g‘g’e'&
ap A9
B a5 b W-‘Eﬂ
/O/o a’
6.0 ge O
g e L 1 1 L L 1 1
260 €
QB
~20F T T T T T T T T T T T T g gy IR FEH oot b e BB BT
E \ : * 0 B.g 2 2 o
2 180 E’P p/g»-*’m;aﬁ\e—“s“
o ﬂ
140
1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
2 Ja I Z(s)
K7 HAREA 7.4 9 5% 5% 5 AN 6] I 2B 45 58 5 FinDer 55095 45 36 1

Fig.7 Comparison of simulation results of M7.4 Kumamoto, Japan earthquake at different moments after the origin with those ob-

tained by the FinDer algorithm

er BV AT LAAT 204k BRAE [R] — DX Py AR I ) P 3
M e M B R O T B A AR TR A A A Y
Mo 7R TIUE AR G X T R B0 2 0k A B E ) B A
WAL FR

4 2

=]

LHREE

BT B AT 72 ISR SRR AR A I 5k A N R
T BB 2 B 20 i G, Tk R M AR T R G ORI
[) I, AR SCHE T M AR 65 il S 00 I R B ol i 51 A
Mo PUE PR AE S50, T T A7 BRI SR g T 1]
FEARWIIE , e I T — 25 I A0 5 1Y 72 DR 2
IR S AR A I D7 0 T A AR e A A TR T 1k
Al B30 1 e X 270 T A IR DX A
REW

(1) 2R 0 T 4% ol s R AT B9 P I AR AE =
BORh S ol f5 Si M RE 8, 725 FinDer 595 4b P 45
RS BERERAR S B B0 R I A I i AE 52 )5 i) —
I 220 75 21 1) 25 SR AR XF T FinDer 57 1k 45 R A5 B
B3 s 2t AR A5 R B S s, DT T PR
T FARESEE;

(2)TE W 2039, th T %2 B M2 4R 0 2 HedE 3
Mo AR B AR A 22 TR WY R0, AR A Y ) 0 2 A7 TE
WK U3 . Bl BRI HELE , 0 422 12 #7088 = A v

Z A0 ;

()X T M7.0 VLT Hu5=2 , B 5 6~10 s Bl A 4R
3 BREE Y W BLRRAIE S0 I 25 21, T % 3 M 7.0+
iR, U] A Y B TR] S R X TR ) )]
MB.0XFPAE R MR , AR B 45 R — R E R E R
40 s A A BEBRAT . MR X 5 R B A B (1) %
JER IR C

BAR R ATy ¥R, Ry 1A S0 U X
Bl 35 0 A 8900 ) [a] ] DR ] 22 4 08 A B R
P G A8 ) 1] A (I 2 752 vP ) 19 2% A SR, LA e i
U555 2R IR RH 25 5 i A BEASE X R R b 52 B L TT B B
B A B LT 5 B i A B Y 0 S AEAE AL
KA AE Ak, 3 I B N T U8 SRk Ak B 25 R
AT B A S AE R L2 e L A5 B 0 T b
R, 3 I AT DL SR FH AR J5 2545 31 9 42 54k I 45 21
IR A2 1 L 3G o & 1] S0 47 252 T8 4 A 45

7 SR A AR 7 A A AR Y LR
H M, TR T Wells and Coppersmith(1994)
RIBMWEHAEGHERRKRENER CR . NHE R K
BT M7.0 9 e A im0, R4S 3 nY e
JE W R A o 2 2 M, R T O R AT AR B
REG M A W] 5 LU ARUE 225 (B0, Fean s T g1 1L
7O R, IR X RAXBR D LN 61 km, 1M
AR 1 2 2 18 45 S R Ay 72 L 43 A1 A5 B 45 R



400 HiBERBL2%  http://www.earth-science.net

49 %

)43 5] B A7 ~20 km( Zhang ez al., 2014b) F1~35 km
(Fang ez al., 2013). RZ , 401 A L 24 30 km [ #E
G, X R M 6.5 9%, 2022 4F 75 I TR 6.9 9
A2 B T IZAE A L (R X T AR B R A
W Nl 8.0%% KIS £ 7.4 9%, X 45 H BUAH I Y &5
R BIHE 2 55 0C R g Y L2 P SEBR Y LS
I, B AR 26 RS 5] AR B € P, ok
KA W EEXT % F AT A AR A B DL IO fin
EHTEMNMERGHAERKRENSE R, WL
% [& % H Cheng et al.(2020) $2 H 19 &1 % o 1 K it
b R SR A&

T A8 T E 2 IR P AL AR 5 R % B %
JE A LSRR £ 3 4 i A DE K TR P b 7R B Y 5 )
X T # L, FinDer 5k 7E 4 Hh I 2R MR & Wi &
[a] 85 /N F 50 km (Bose er al., 2012) ,{H I 45 H E.
PR R, PRI 6 BN & AT SR 1 2440 B AN TR
B %5 B R 15 B 0 25 SRR B S AR R 4 TR AN ) O
BT TR S FRATTAE AR S0 0 S R Bl 2
oAl A K, HETAIH Vs30 X PGA #4715
Hi A TE DR HUEE AR Bl S8, T R IR 4 B 1R
BB 7 4 G T X T A R Bl S ) 3 B AR
KAV — LW h W B IR N2

ARk B A SR R A B e A S L TR
T St B A B D AR iR AR RS 2
W Fil5 1 B I 15 000 4> £ ki 19 %5 4 WL &5 9 . xf
FIAEFERE & b i1 1 5% b 78 U R 4, HoA 0 QB T
R 22— A 2 iy S A PR S A B AR TR A AR AR 2
B HAT, KRG RS RE TR DUAE 58 ) i
JRSETE D &, BOAR ¥R AU 5] A FinDer 589 , {H )2
MR THT 19 43 7 45 SR S8 B 1) R 4292 17 45 3 (Chung
etal., 2020) K F ,FinDer 8 3k 76 B 50tk B AR Jo ik
ST 4 Tl JE M R U Y v e obE R Ll AR
WFFE L BR R GE W &, v] DL — 25 38 i AR G TR
0 Z4RRAE S 500 B 0 A7 B B X Y s/ A
T B[R] 3

HH P BHE R LA F R AT % E S L
Foude B AR LA F S B R (http://
www.kyoshin.bosai.go.jp/) A & BF LI T # % L
B, W RARBTRERESETL X EL—F K
T Rt

References
Allen, R.M., Melgar, D., 2019. Earthquake Early Warning:

Advances, Scientific Challenges, and Societal Needs.

Annual Review of Earth and Planetary Sciences, 47(1):
361—388. https://doi. org/10.1146/annurev - earth -
053018-060457

Bose, M., 2006. Earthquake Early Warning for Istanbul us-
ing Artificial Neural Networks(Dissertation). Karlsruhe
University, Karlsruhe, 19—24.

Bose, M., Heaton, T.H., Hauksson, E., 2012. Real-Time
Finite Fault Rupture Detector (FinDer) for Large Earth-
quakes. Geophysical Jowrnal International, 191(2):
803—812.https://doi.org/10.1111/j.1365-246X.2012.0
5657.x

Bose, M., Smith, D.E., Felizardo, C., et al., 2018. FinDer
v.2: Improved Real-Time Ground-Motion Predictions
for M2-M9 with Seismic Finite-Source Characterization.
Geophysical Journal International, 212(1): 725—742.
https://doi.org/10.1093/gji/ggx430

Bose, M., Andrews, J., Hartog, R., et al., 2023. Perfor-
mance and Next-Generation Development of the Finite-
Fault Rupture Detector (FinDer) within the United
States West Coast ShakeAlertWarning System. Bulletin
of the Seismological Society of America, 113(2): 648—
663.https://doi.org/10.1785/0120220183

Cheng, J., Rong, Y.F., Magistrale, H., et al., 2020. Earth-
quake Rupture Scaling Relations for Mainland China.
Seismological Research Letters, 91(1): 248—261. https:
//doi.org/10.1785/0220190129

Chung, A.Il., Meier, M. A., Andrews, J., et al., 2020.
ShakeAlertEarthquake Early Warning System Perfor-
mance during the 2019 Ridgecrest Earthquake Sequence.
Bulletin of the Seismological Society of America, 110
(4): 1904—1923.https://doi.org/10.1785/0120200032

Cui, P., Wang, J., Wang, H., etal., 2022. How to Scientif-
ically Prevent, Manage and Prewarn Catastrophic
Risk?. Earth Science, 47(10): 3897—3899 (in Chinese
with English abstract).

Fang, L.H., Wu, J.P., Wang, W.L., et al., 2013. Reloca-
tion of the Mainshock and Aftershock Sequences of
M,7.0 Sichuan Lushan Earthquake. Chinese Science Bul-
letin, 58: 3451—3459.https://doi.org/10.1007 /511434~
013-6000-2

Hoshiba, M., Iwakiri, K., Hayashimoto, N., et al., 2011.
Outline of the 2011 off the Pacific Coast of Tohoku
Earthquake (My 9.0): Earthquake Early Warning and
Observed Seismic Intensity. Earth Planets & Space, 63
(7): 547—551.https://doi.org/10.5047/eps.2011.05.031

Hu, J.J., Ding, Y.T., Zhang, H., et al., 2023. A Real-
Time Seismic Intensity Prediction Model Based on Long

Short-Term Memory Neural Network. Earth Science,



5% 2 3

A T B P TRUE S B e VR SRR A S N R Ay vk 401

48(5): 1853— 1864 (in Chinese with English abstract).

Huang, Y., Wu, J.P., Zhang, T.Z., et al., 2008. Relocation
of the Wenchuan M 8.0 Great Earthquake and Its After-
shock Sequences. Science in China: Earth Sciences, 38
(10):1242—1249 (in Chinese).

Kodera, Y., Saitou, J., Hayashimoto, N., et al., 2016.
Earthquake Early Warning for the 2016 Kumamoto
Earthquake: Performance Evaluation of the Current Sys-
tem and the Next-Generation Methods of the Japan Me-
teorological Agency. Earth Planets & Space, 68(1): 202.
https://doi.org/10.1186/s40623-016-0567-1

Kurahashi, S., Irikura, K., 2011. Source Model for Generating
Strong Ground Motions during the 2011 off the Pacific
Coast of Tohoku Earthquake. Earth Planets & Space, 63
(7): 571—576.https://doi.org/10.5047/eps.2011.06.044

Li, J.W., Bése, M., Feng, Y., et al., 2021. Real-Time
Characterization of Finite Rupture and its Implication for
Earthquake Early Warning: Application of FinDer to Ex-
isting and Planned Stations in Southwest China. Fron-
tiers in Earth Science, 9: 699560. https://doi. org/
10.3389/feart.2021.699560

Lu, J.Q., Li, S.Y., 2021. Detailed Analysis and Preliminary
Performance Evaluation of the FinDer: A Real-Time Fi-
nite Fault Rupture Detector for Earthquake Early Warn-
ing. World Earthquake Engineering, 37(1): 152— 164
(in Chinese with English abstract).

Massin, F., Clinton, J., Bose, M., 2021. Status of Earthquake
Early Warning in Switzerland. Frontiers in Earth Science,
9: 707654 .https://doi.org/10.3389/feart.2021.707654

Peng, C.Y., Yang, J.S., Xue, B., etal., 2013. Research on
Correlation between Early - Warning Parameters and
Magnitude for the Wenchuan Earthquake and Its After-
shocks. Chinese Journal of Geophysics, 56(10): 3404—
3415 (in Chinese with English abstract).

Peng, C.Y., Yang, J.S., Xue, B., etal., 2014. Exploring the
Feasibility of Earthquake Early Warning using Record of
the 2008 Wenchuan Earthquake and its Aftershocks. Soi/
Dynamics and Earthquake Engineering, 57: 86— 93.https:
//doi.org/10.1016/j.s0ildyn.2013.11.005

Peng, C.Y., Yang, J.S., Zheng, Y., et al., 2017. New <,
Regression Relationship Derived from all P Wave Time
Windows for Rapid Magnitude Estimation. Geophysical
Research Letters, 44: 1724—1731. https://doi. org/
10.1002/2016GL071672

Peng, C.Y., Yang, J.S., 2019. Real-Time Estimation of Po-
tentially Damaged Zone for Earthquake Early Warning
Based on Thresholds of P-Wave Parameters. Acta Seis-
mologica Sinica, 41(3): 354— 365 (in Chinese with Eng-

lish abstract).

Peng, C.Y., Ma, Q., Jiang, P., et al., 2020. Performance
of a Hybrid Demonstration Earthquake Early Warning
System in the Sichuan-Yunnan Border Region. Seismo-
logical Research Letters, 91: 835—846.https://doi.org/
10.1785/0220190101

Peng, C.Y., Jiang, P., Ma, Q., et al., 2021. Performance
Evaluation of an Earthquake Early Warning System in
the 2019—2020 M6.0 Changning, Sichuan, China,
Seismic Sequence. Frontiers in FEarth Science, 9:
699941 .https://doi.org/10.3389/feart.2021.699941

Peng, C.Y., Zheng, Y., Xu, Z.Q., et al., 2021. Construc-
tion and Verification of Onsite Ground Motion Predic-
tion Models for Seismic Intensity Instrument. Actza Seis-
mologica Sinica, 43(5): 643—655 (in Chinese with Eng-
lish abstract).

Song, J.D., Jiao, C.C., Li, S.Y., et al., 2018. Prediction
Method of First - Level Earthquake Warning for High
Speed Railway Based on Two-Parameter Threshold of
Seismic P-Wave. China Railway Science, 39(1): 138—
144 (in Chinese with English abstract).

Wang, D., Sun, K., 2022. How the Big Data Seismology
and AT Refine Rapid Determination of Source Parame-
ters of Large FEarthquakes? Earth Science, 47(10):
3915—3917 (in Chinese with English abstract).

Wells, D.L., Coppersmith, K.J., 1994. New Empirical Rela-
tionships among Magnitude, Rupture Length, Rupture
Width, Rupture Area, and Surface Displacement. Bulle-
tin of the Seismological Society of America, 84(4):
974—1002.https://doi.org/10.1007/BF 00808290

Xia, Y.S., Yang, L,P., 2000. Research on Earthquake Pre-
diction (Warning) System and its Disaster Reduction
Benefit. Northwestern Seismological Jowrnal, 22(4):
425—457 (in Chinese with English abstract).

Yamada, M., Heaton, T., 2008. Real- Time Estimation of
Fault Rupture Extent Using Envelopes of Acceleration.
Bulletin of the Seismological Society of America, 98(2):
607—619.https://doi.org/10.1785/0120060218

Yamada, M., 2014. Estimation of Fault Rupture Extent Us-
ing Near-Source Records for Earthquake Early Warning.
In: Wenzel, F., Zschau, J., eds., Early Warning for
Geological Disasters, Advanced Technologies in Earth
Sciences, Springer, Berlin, 29—48.

Yu, Y.X., Wang, S.Y., 2006. Attenuation Relations for
Horizontal Peak Ground Acceleration and Response
Spectrum in Eastern and Western China. Technology for
Earthquake Disaster Prevention, 1(3): 1—12 (in Chinese
with English abstract).



402 HERFL2=  http://www .earth-science.net

49 %

Zhang, H.C., Jin, X., Wang, S.C., et al., 2017. Compara-
tive Analyses of Records by Seismic Intensity Instru-
ment with Strong Ground Motion Records and Seismo-
graph Stations Records: Taking the M;4.5 Changli
Earthquake of Hebei Province for an Example. Acza Seis-
mologica Sinica, 39(2): 273— 285 (in Chinese with Eng-
lish abstract).

Zhang, Y., Wang, R.J., Zschau, J., et al., 2014a. Automat-
ic Imaging of Earthquake Rupture Processes by Iterative
Deconvolution and Stacking of High - Rate GPS and
Strong Motion Seismograms. Journal of Geophysical Re-
search, 119(7): 5633—5650. https://doi. org/10.1002/
2013JB010469

Zhang, Y., Wang, R.J., Chen, Y.T., et al., 2014b. Kinematic
Rupture Model and Hypocenter Relocation of the 2013
My,6.6 Lushan Earthquake Constrained by Strong-Motion
and Teleseismic Data. Seismological Research Letters, 85:

15—22.https://doi.org/10.1785/0220130126

Bt A 32 5 & ST ik

WG, F, BB, 2022, 40 i Bl 2% B 35 5 10U 9 R
Ko . HLER A2, 47(10):3897 — 3899,

WAEZE TR IR, 45, 2023, 38 T KA T AZ 0 28 W 2% 114
S i 5 U AR A R B2, 48(5):1853— 1864,

WE, R kR, 45, 2008, 3011 8.0 4% K Hl = J Hi A iz

750 o AT o E R A BR B 2% 38(10):1242—
1249.

JOOEE AR A, 2021 Hb 5 T 2 2 RS iR i Oy
(FinDer) e fift K Hovk RE 40 26 vF A . 1 5 b 5% T2, 37(1):
152—164.

W I B 4R 2013, 38 T 00 AR M Ay RE B
SR RPN I . Bk B2 4, 56(10):3404 —
3415.

Rl B, T, 2019 A P U 2 5500 (8 S A 5 b AR T
VAR IR XS 1] . 1 3 2 4, 41(3):354 — 365.

S AREE R AR LA 2021, T 18] 52 FRE AN 1 B M b 2
B TR A Y () b 55 00 . AR 2 4R, 43(5):643 — 655.

KR HOUREE, 25104, %5, 2018, 25 T Hu 7% P il XU 50 {8
A e TR A e T 2 b 7R R Ty v . P R R 2, 39
(1):138—144.

EH VB, 2022, A2 EHE AL AT AR ] e aE 4 Bk OR R S 8K
PRI A 7 Hh 3R Bl 47(10):3915—3917.

5 EME A v, 2000. M5 100 () 5 48 KO R A5 ko
PEAL L FZ 244, 22(4):425—457.

B H AR ER =, 2006, Hb AR 5 A1V 58y XK SF- 1 3 5 s
B T R I O R LR R B AR, 1(3):206 — 217
LA AR, B, 42017 BUEEALD S 53Rz & =il
SEI X A AT < DL 2015 48 3n] b B 22 M, 4.5 b 58 Sy 471 . b

2, 39(2):273—285.



