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A7) AT 915k 71 7| B PR S Sk A1) Aol T AAIA fAR LA AS T
5 AR FE BELEIA HAR HY O 2 V| S He HPFEAASE Y2 FAS EAT 5 9)
£ A% shfolu, el SFASATHE AA-EA-c, WA, B A, SIS 2E, st
S} MUY 5 T AL 2 Bl BEHT Glek. TR AL 20108 LRI Ak AFAZ, 20139
WY o] 223k 2 S A7, 20169 BFALE AX o TP FEATE o] §3 ) H S0l A WA
A9 240 A g0l Uk, FEANYUL FYYBTHUASES 712X 2 ol g5te] FARE TS BAH,
oA E FYPYENTO 2 ST A ANZE BEFARE o) gte] A7) Frha Y T2 29 914
2 AU 23k 2 74K olFA 71 Aol WulBA|, BAYS, FHYS A4} 710 Kol2 s
Ak AZH 27 AL 9 ABHUATYEE o §3to] A7 WY AT R, A BA A
S AR A F AU A FUE AN BRH FHoR ST k. Lot HYYEY
AL 99 Zolot BE|Y th el upet /A o|u], HFATAT 71 7| UES AR R T2 Azl
#fo] Z7hol wek o] A4 5 9 fofdtolof B

Z20{: A7, HPABA, ol FA1Y, BB, A 27 B4

ABSTRACT: Earthquakes with a similar rupture process and close proximity produce comparable waveforms
at the same seismic station. Based on waveform similarity, we determined the location of the earthquakes, which
is one of the fundamental pieces of information in seismological research. The waveform cross-correlation
technique that evaluates waveform similarity has been applied to the analyses for foreshock-mainshock-aftershock
sequences, repeating earthquakes, earthquake swarms, volcanic/non-volcanic tremors, blasting, and nuclear test
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events. We reviewed the various methods based on waveform cross-correlation and discussed their limitations,
presenting studies on seismic events in and around the Korean Peninsula. The template matching method detects
similar waveforms, employing a cross-correlation coefficient as a threshold. The double-difference earthquake
relocation method uses travel-time differences measured by waveform cross-correlation, to determine precisely
the relative locations of seismic events. The hierarchical cluster analysis with a dendrogram classifies waveforms
according to the maximum cross-correlation coefficient matrix, and the classification outcomes can support the
relocation results. Additionally, we described variations in the double-difference relocation methods, as the
differences in the partial derivatives, objective functions, and their minimization methods. Lastly, we addressed
the limitations of the methods based on waveform cross-correlation, which results from changes in the
cross-correlation coefficients between the event pairs.

Key words: earthquake, waveform cross-correlation, double-difference method, template matching method,

hierarchical clustering analysis
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A7 A 97 7P 7124 A E 5 shde A
o) Agols, 2T AL SAR W)L
A 5 AL BE) BELSOIH ST 5
0 2 7]ZHt} (Geller and Mueller, 1980; Poupinet
et al., 1984; Tto, 1985; Dodge et al., 1995). T+ 9]
GAMI-E A AIA|S(cross-correlation coefficient;
COZ 3¢dE 4 ornzg ulg Als Al waveform
cross-correlation)-2 ZR- 270371, HEEX](repeating
earthquake), 722X X (earthquake swarm), SHAHY/
H]| 3] Zl5(volcanic/non-volcanic tremor), Bz}
o AAE 5o FRe XY T2 X4 B AHE
7, 2L o]F A9 9 E5ol E&H ot
(Harris, 1991; Shearer, 1997; Waldhauser and Ellsworth,
2000; DeShon et al., 2003; Hauksson and Shearer,
2005; Shelly ez al., 2007; Schaff, 2008; Shelly and Hill,
2011; Gibbons and Ringdal, 2012; Huang and Beroza,
2015; Kim, W.-Y. et al., 2017; Rubinstein et al., 2018;
Yoon et al., 2019; Zhang et al., 2022).

e WS 2 ZafollA AT A1 Y &
Ze= 39 194 & & ok AL ET
(Korea Institute of Geoscience and Mineral Resources;
KIGAM)oj| A4 1998 9< 304 5E 2022 74 31
Q7R WA Sl Alolm, Bk FE A 5
Ao et il jste] AAE 202 F5)
£ Ao] 43] ZgEo] glek. S o] =Be
A g ASATASE ol 83 BukE W5 o 23
g A7 B ALY 19 ARE M)s Hg 7]
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ALet B9l A5 HR]5k= "ERHMA H(template
matching method)& As}aL, A% 9| ot 4;
S A (waveform cross-correlation) 2.2 3 ET 4=
U= A Htime-lag)& FAIRFZ B-8-5o] 22
So] 2ok - WP AAHIH= o] E3P(double-
difference method)S AWt} 18|31 XA uhg
Afo] o] ALY B2 =203 (dendrogram; 7
&9 7HA|(branch) Zo|E 113 o 4TAIG
gt 19 B2 Ry dYske 039 A2 4
.M (hierarchical cluster analysis)& AHsPHA], T
P A2 71 O Ao E =gtk
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3 2Qlt. A WSO o FAolE B3 2 ATABASE VFos HET A9 1Y 2
AL BRAE AL 055, AN HEAE HES o o] e SAR 0] AZo] §AE 4 9
30%, Jelm 1 HRE 35 AER Aol BA 71E  th Q7129 348 A FHo] Ak 4

O 2 A=THAEZE 2T 100 MER1 B9 B2 2
AL RS e, 2SR e 5=
Qtste] 99 ZrES 245t ARSI At 53
C2r B2 &Y ARA AZS GASH=T £
o, Foll =olot= FTH e 28 o 27]
of agt HER A AZE 2 fof= 5§
3t

A S AR 7 |(waveform cross-correlation de-
tector), A S A}EFX]| 7| (correlation detector), 2-2
Agtd e g 12]E(matched filtering algorithm)2hal
= o= gEAWARYLE, 11 2a9F Zo] FEH
o= 4k 1S ALuRa A2dHstol(2E 2b),
AR AR A 714 o) 3
= TA(3™ 20)8k= 7ol 0.8} Zo] B

ol ARFA Y FE 2L 5+ Aok ol e
AZEZEAIZE H A ZH] S o] 83t AlE HAIE
FL fEo 727 F 1.0 § 2 ANESS AT
T on, mebA wjiggEol 2 A olE 2

7b A2 ARES "Aske HEd deE 2
4= QltK(Schaff, 2008).
Kim and Kim (2014)= HEZ30)3HE 0|83}

of A7|E A AGeIA] o S Fok fAEE
Fo) 217 16 A2 BB, o] ANYEFES oy
I EAY(stable continental region)of]A] EILE =
W2 2] X (Schaff and Richards, 2004a)o]2} 3j|43}
gt Son ef al. (2015)2 20139 WP = | =22
9] AA-EA-o 55 AAE HEAC = AN

o] AR 471 2972 ER5HATE Park er al. (2016)
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Fig. 1. Map with contour lines that indicate the number of seismic events in and around the Korean Peninsula, cata-
loged by the Korea Institute of Geoscience and Mineral Resources, from September 30, 1998, to July 31, 2022.
A contour interval is 20. The grid counting the number of events is 0.1°. The geological fault traces are from the

study conducted by Kee et al. (2020).
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220139 ARAAY A S4AS T BE 34
ol THet AL Saste] BAI5Hich. Han
et al. (2017)2 A3 ZHA 2010E3E 2014
FE A v 0E AERAHe R gA5H
A, 3 XY JEETF A% GE fsieial A st
Ak o], et &} ol 4 km HE W B
A 9| = |of 231 A2 &5 Aol AEANAHS
Z35}e] o|FojFtHHan et al., 2019; Hong ef al.,
2020; Son et al., 2021; Kim, W.-Y. et al., 2022;
Kwak et al., 2022). T3 HZ30jAH-L 20109 5
o B3 AN AR o]HlE BHX|(Kim,
W.-Y. et al., 2017)°)| = &&= Q]c}.

BB FA = el AREE Al time-
window) 2] x|} Zo|, E= THY teo] 44
of w2} g2kd 4= 917 of|(Harris, 1991; Schaff and
Waldhauser, 2005; Schaff, 2008; 13 3), Harris (1991)
= AR dolet Fukas e Y] tf HZ(bandwidth)
o] FEATAGl FFE = Foll Abstod, &
TS D7l AEH= S o

A waveform template slides along incoming data

[

10F T T T T T T ™
09296120HHZ

50— HDB HHZ —
OCT 23 (296), 2009

3 AT AP ol 9} Fubrth 9 E-9] F(Time-
Bandwidth Product; TBP; A|7-Falrt|dE &
= 10002} ARsgiTt. A& &0, AP 4ol 5
2 HEAS S 20 Hzo g Z o= 2
g9 H 2727} 2 shrhs Aot Al dol¢t
TG E Fo] A2 B, AR dol7t &
A qZo| FolAledl, & AT 9=
FY AU HA7E AT BET A A
HE ARSH HEz & AREFapt g E Fo
ATATHA7] Heh AL A3 A7|17E 9
o wEhA 2R AIZ-Fuke | A 5o AR
A7) & AREFaet 9 E 59 ASATEA
7] Rt B8 AR A8 )24 2 Aofop
3lth(see Figure 12 in Harris, 1991).
SRR AL thio] AR FL the)
U224 7|20l thstel YEAMAS wEA o
Z 533} 7jAE 4= tH(Gibbons and Ringdal,
2006; Shelly et al., 2007; Schaff, 2008; Peng and
Zhao, 2009; Gibbons and Ringdal, 2012; Skoumal
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Fig. 2. Seismic event detection using waveform cross-correlation, in Hyodong-ri, Gyeongju, the east of the Ulsan
Fault: (a) cross-correlation between a template and continuous data; (b) cross-correlation results with three peaks
corresponding to a high (>0.8) cross-correlation coefficient; (c) three detected events in continuous data; (d) wave-

forms of the 66 newly detected events and 14 cataloged;
cataloged.

(e) occurrence histogram for the newly detected and
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et al., 2014; Hong et al., 2020; Kwak et al., 2022).
oo #EAE B85t o A2 E HAE A
AR I A HATHEZE FAIRD o] T 2ol A]
SEEuE, "ESWAHE 94 <5 (pahse asso-
ciation) GAE A, AX FA |} 2H 28 FA
of| =33}= 7|}, Match-and-Locate (Zhang and
Wen, 2015), Loc-Flow (Zhang et al., 2022) 52

HEAE|QIt) Match-and-Locate (Zhang and Wen, 2015)
= AR} %, ¥R, FEA| 7, 2E|a AEA
F59] 0] 477 E40]| o[ 4E|T 3L00(Yao et al,
2017; Dodge, 2018; Sugan et al., 2019; Lei et al.,
2022), GPU (Graphics Processing Unit)E- 0|25}
it AT AL 884 % GPU-M&L
(GPU-based Match and Locate; Liu et al., 2020),
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7| Alg szl 71Rbste] A R19] FA| 9 AR A
333}+= Loc-Flow (Zhang et al., 2022) 5ol 285
a9k

3. O|2tUS 0|83 AR HE 212
22

o] H(section)of M= i A7 9] 2]l HA]
£ Z2Aste ARtk 2o AHdE B3 AEE A
A ZRAZ L] AR A AR E 28 el
tiste] =2ttt XL AR fA= AF
AFzE got WAL, SS9 T340 BAE He
bl 242 H&L gk

A2 fREA M= RHH o R FrHR|Y] o F

Cross-correlation coefficient

Cross-correlation coefficient

Fig. 3. Changes in the maximum cross-correlation coefficient matrix according to the time-bandwidth product of
(a) 5, (b) 10, (c) 25, and (d) 100. A frequency bandwidth varies from 1 to 20 Hz, with a time-window length of 5 s.
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7 qlek. ARl B ool ZAE 4 22
A7k& A BHE B A AR 2 5ol
Azkol Lt wE ] A|Rak melo] Ao o2
ghgolch, BHIAE AHi5t $are] B2 AZHE A
sha}] Z9Re ) of2igol da et 9l o
Folct. E3] A% o F-2H|(signal-to-noise ratio)
7HEE BE AR =g AR SAsk=H @
A7} 2 ol gick. Blgo] Ak 2.9l(e]: PestPn
he dlofe] 2F-E o BgalA e,

1960 ATH THE, g A FollA I RN E=
(joint hypocenter determination; Douglas, 1967; Pujol,
1988) 5= o] &5t B AAIR AAE= A2
ke 20001 0ckol] Shak oS (Waldhauser
and Ellsworth, 2000) @o| A&31T} o]EF2pH& of
ol Argshe 4] 1049} 2ol o} 717k Aol
U= F ARG ST} 352 wSaAtol o] Hup
Am7} SUSoR 1 RSN 24U P} 3L
safe] 4] Ajolakg ol g3te] T A|7le] AjHal
AAE H3] 2AD 4= Atk wEhA ol Aadt
AR 2o RE 2 5 A =Y o]Ao] o|F
] 7 F a3 8 dolth

O FAT T FA) 0} mUY FA] 0] B}
(residual; r)E 7He] 2ol & 7179, A7 i} ;9]
=L ko)A olEA} 4 4] 13} o] BHT
(Waldhauser and Ellsworth, 2000).

dril =rj—r, =4~ 4, (1)

— (tobs 7;0(1!); _ (tol)s _ tml)/,; — (lu _ tj)(}lbs _ (l‘i 7lj);;a[

(constant vector)o|H, T4 koA 7]2H
oF )7 jo} TE FARL (7 -0) <k AREE FAAE
(¢ —#)'2 o]RoiA gk #E FAAL (¢ —4)) e
AR S A A=) Yok g wAe 2
S8} 2= 9tk Kim, W.-Y. et al. (2006) S-& A%},
AR EA o AR AA2E 2] 5T (manual
picking) ¥l #SFA| 2] AE 0|83t o] X|UF2]
AHAAAE 2P 12U 27] E3E
BEFAIE NS 27(AF), Aokt A=, A=
2240 ot Al 58 Sofl g FARPE 2
SAE THAA =, A HREA 23 B3

< AUAE A=t AT AU

A Al a(earthquake cluster)2 2} X|Rlo] 714+ 7}
7hE o2 AAE = AXAEEE 155t A%
Aoz AAE 7] el fAE a9 A=
oA 2A5HA A} 359 TS2oA ANES
EoE AZE 4 e A Ade AXEY
T, W50 A E Alo] o] A, E45k= 4 5
of| FL-EU, B4 5h= A2 uke] w4 S/
) A= A, 3] A== a4 Qlok
o714 dAA = wi$ SaskaL, AHel flen=
o8 B9E(AE =01, I Full =5E 1WA
7] F)E 3ste] 229 ARE 2= Ao W
oot

oS 2183t 738 = HypoDD+= Waldhauser
7+2001d Lutof F7-5te] @] 2rol= Aot}
o] == /M2 FAH AL, A A 24,
PH2DT&= ¢Hfl d5d AR ES A% event
painNEE WA AL 44T = U= JF9
AZE o] &3t XSS ALHH 02 AKERE A2
sto] YA AEAT 4= =T FH|FF= 22
ojt}. of7]A BEoXl RZE 7+ FARE )&
5}o] HypoDD 2 198 5343},

AR 6)(1980A ] %; Poupinet et al., 1984, 5
o 2 ABATS o] 2A1R19) @315 of5: 1A &
4 glgol geiFLO, Aol A 7]So] thEE
oz 7|Zolvle] del BeHA Eago
1990t} 3k B2 A2 Eo] tIX|E 7502 H}
315 o] SPHASHA| A0t (Menke and Shearer, 2004;
Hauksson and Shearer, 2005; Schaff and Waldhauser,
2005; Waldhauser and Schaff, 2008; Kim, W.-Y. et
al., 2010; Shelly and Hill, 2011; Ma and Audet,
2014; Kim, K.-H. et al., 2018; Li et al., 2020). $-
2 T AEAT BHE Heste] 3 Ae] 3
o4 2t P} 9 Suhe] 4] Kol ol st
A 243 5= 9lek. 20079 19 20 it A9
3 o] A9 FARol 2 AR E SR of
AlE 39 404 HojgErh oA oA Agwt
FRA oF, & Hloly L/E A3 4 3len
2. o|FAHE 285t ol FEE Al ¢
A& A 4= Qo 53], LY 840l =
Ao g AZtE= X259 A= A2FE o=
oF 1/1000% A= Ad=7l @ 31E 4= ok 21
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100 44 7151 7 519} (subsample)o] 3
SHe UEL EBAS SN el 3 T
57) A Qe 9] Ho) A5 BAE 42 o 24
H 4 ti(Dodge et al., 1995; Kim, W.-Y. et al.,
2022).

Schaff and Richards (2004b)+= dut& o 2 o4
o thEAZH Eo| 44 2 Lestol F2afod,
Leth SAHS Eatohis AHRHS AFRalo] ABAR
S, o] w 2Se Lemtel FAAE olgate] 5
) km o} Foj#] wAyat 2| 219] At Hel 7S
H0s] 24egich. olu) AT Lgms il

CI;!C, HHZ, 6:8, P, CC=0.965, dt=0.080 s, 67.62, 67.72 km, 5-15 Hz
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Fig. 4. Waveform cross-correlation of P- and S-wave
from event pairs of Odaesan earthquake of January 20,
2007. (a) P arrivals from events 6 and 8 at CHC (A=67
km) are correlated to obtain a precise differential time
of dt=0.080 s, with cross-correlation coefficient (CC)=
0.97, (b) S arrivals at CHJ (A=102 km) from events 6
and 8 are correlated for precise differential travel time,
dt=0.080 s with CC=0.79.
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& 0.5-5 Hzol|A 717 &30l glaL, A2l= 600 -
1,500 km, AJZEE-L 60 - 4000|131, PutS 23}
817 % b Legwt Tdo| S oF 402 =& st
= W2 RS ARESHATh o] A9 A A1 A
HoflA AFgt AZE-Fatptf S E Fol wle A A,
A 9] BFEA KT &2 == 7hgol| 18 AZES 0]
B3 AR AL o AE & 4= Sl @t
A 8 A2 Lgih= iEAZat Zo] g E A
Aol Mgt m3tx o 2 Hulsie, 2| Zk FA7} 35 km
2k 7HgsHd, AGA7E H 4 9F 150 km F = =]
ofof gir}. 2|3l Lgute] Aub= AAAH = 3
&+ 3.4 - 3.5 km/s 9] =2 AuBcHKim, W.-Y.,
1987). 1H T} A2|7} Z2 G oA TaE= XX
U= &7} 3.5 km/s et SuEkal 85 4= 9l
o} Lgft= ZYollA B 99 AEZi(takeoff
angle)Z& 7}Al= Sut7} | U} B35 (Moho) Ato]
oflA of2] o] AYALE B3l Hulsto] W&
Labstn g Esith. 1HBR Legus o]8-5y
27149 Zlol5 F=3l W7} ok wEkA A
A2 o] 25 LgHE+= 18 4= §l7]0l| olFAkell
A 7ol & AlQlstsirt.

Lgu}o] FAIRE A Ztof| 248 H o2 Hulgh
o] FAIRFRAL 7HE 5, oA A 12 X9
Zo] zof| digh Hu|EX]= 00] Hof 4] 29} Zo], x,
¥y, 2 LA (1) 29 FH Fch

i, ) R A A
dry] = 4t, — 4, = Az’ + 4y +
ke k k ox az/ (2)
.o, .o, . )
af —|— 4z’ + Ay + 47
ox oy

@3, o] ff 2 HulR A= Legv £ (NE A
T2 7P, 4 33} o] w9 ItstA 8
Th(Schaff and Richards, 2004b).
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)01, x,, yo= TE4 ]2 o]t} Son et al. (2015)
+ 570= HypoDD Z=(Waldhauser, 2001)2] H
ul2A1E 4 33 20| 443 F ol EpiDDEIL
H27|2 5141, 20139 W= s By i
&2 7o) 2-g-3}o] T3} (fault plane solution)2}
el 219 91212 2L 4 Uitk thek, EpiDD
S WA T8 2SS A2 H A A2 8l
Asii] Folg agk AAASS I dol 7}
e 212 Apole] AR R WA g o 1 km
A7} Agksicta B a1 E It Schaff and Richards,
2004b).

HypoDDE =W A Z]zlof ciafjA 200432t
20069 27 38 A7 B4 RGO HeH
=0, 20049 =7 3 2|79 -, A x]11¢
A7k 4 BEs Ruoh s ool W
g A7E A8 4 I (Kim, W.-Y. ef al., 2006),
20064 A} A9 TR 2 S 75}
2] 9, BAA] W] F4E AFgaktKKang and
Shin, 2006). 0] Kim, W.-Y. ef al. (2010)T} Kim
and Park (2010)2 20079 S AR AM,, 4.6)2]
AZ-EZ-A 7S o] F= 207 Welo) A zle] thsk
of TR EATO 2 YET FAAE Fkez 7
¥ HypoDDE 275t &5 71815 A58
2 2482 ok

o]%, Hong et al. (2015)% 20134 W2z 3
I 2 sof A AR 21219 1Y #2] A2
o] HypoDDE ©]|-83}%1, Han et al. (2017)& 7
F FHAA AT mla-adm2R|Z 0 AdS A
AT A28} HypoDD2 A AH 3o, %) ks
3 AZE= AP 21U £ E YE3HTE Son er
al. (2018):% 20164 A - (My. 5.8)9] HA-27
o1& HENT FA3h2} HypoDDE o] §3}o]
WAk, AR ST AZIEL A7t wE Ay
o W3S HES| A A|5FE L(see Figure 7 in Son
et al., 2018), ©] A1}= Uchide and Song (2018)9]
AT SR 2717} Hgick g Kim,
K.-H. et al. (2018)2} Woo et al. (2019)& A} AFak
A2} HypoDDE ©|-8-5to] X EEH 5 dAYet
AR 20178 ZFARM, 5.5)9] A= A2
2 93k

J2 4 HypoDD2} EpiDD7} 9ty Aot te =2
53 A AN /S FARE o]-851o] U

CRESTS
2 Fugt seeE, JIARS ST BE
A, )3 AR A7 doler 911, Hed o)

o 9] Wsto] whah Y T2 XY AHEH A= ot
4 b2 4= QIti(Schaff and Waldhauser, 2005).
3t HypoDD2} EpiDD+= | AA|F 22K L2-norm;
least square error)E SA3t-E ARRSIEE O
2o]oj(outlier; o[33d) 2] F3FS ZA W=tkNelson
and Vidale, 1990; Shearer, 1997; Deshon et al., 2003;
Shearer, 2010; Chaves et al., 2017; Zhang et al.,
2022). wheb 7RO RelE thg] A1)
G T2 LS 28T Aol AR vlg]
EOHA] GAY, 2713, & AXESE A Y 22
A A7t #HE5A B Fofl gt olf=E &
A & 7ol B 29E 42 = Utk

4T 2RO SN 2 8

1z

U A A X9 P A A el 71Hste]
4 HAMS AgE ez 273 A7 Kim, W.-Y.
et al. (2010)2] 2007 AR A7} Utk Kim,
W.-Y. et al. (2010)2 A& 71&X] 0|52 AT AN
AT 002 FAsto] A2 ABATH DS 3|43
H(sparse matrix) 2 TH= T 3Zo] B E 94 S 1)
29zt 1 Tk AR oAl HE-1y)
A 2R A H(Reverse Cuthill-McKee Reordering)
= ek o] IS S WA = o
HZo| A FFPFT ALY = YL
FH R YX|sh= theollA 7 7t o A
AR 7F B HAME S SAl R o Sl
A7 A opotEl= ARt FHE o R AT 2
HIE B3t

e ATATATYEY g E 9= 3
= AA 4 Qe AR A AT Y] ER o =
3}k Lance and Williams (1967)= 18 5a9} -2
Ay S AIAI8Y 2 (cross-correlation coefficient matrix)
Z5E AAE AT HFAM S22 A E AR
oA tiet 19] Bz yehfo] AS a3 7t
o ASH BAE HolFe tolo] adE Algtstal
th 19 5at 2 A A TE S s ot
P g o] PA=RE gLy o] dAE
UEH =& T8 5be} Zo] diE2 T o2 Yehd
T Uk o] o WP AR HArREE AT
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rﬂ,c_gzew olgst AA wFel A2 27
F2 ST A GAR S 7 0|2 F 2
01] Zj—g-ﬂoi $tHAminzadeh and Chatterjee, 1984;
Rowe et al., 2004; West, 2013; Thompson and Reyes,
2018; Park, I. ef al., 2020). =] T8 XA o] tj3)
A 20139 WEEe} B so] A4X7 BAlo]
2o 2 ALgxo|(Son et al., 2015), SAFSE 94
o] ARgo] T 0BT FAT HFE 7L A
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745 A1 Z(Son et al., 2018)1} 20173 3E3} X]Z(Woo
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(Sheen, 2021), 20219 A= X Z(Kim, W.-Y. et
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Fig. 5. Example of hierarchical clustering of waveforms: (a) the maximum cross-correlation coefficient matrix;
(b) dendrogram (hierarchical cluster tree) showing four clusters with the branch cut of 0.8; (c) the maximum
cross-correlation coefficient matrix, computed from waveforms aligned after the clustering.
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4= Q= Ao F98foFgttt. Trugman and Shearer
(2017)= ASd &3 B4 oA, BE X%
of| thoto] th=0] TS Ao thet HF AT TA
2 Fa ke FASAICR Fojalel, B B
s TREAE Bl the 24 Aol Uz
£ AN F T SHARE AT A S Wt I
dE2 7309 TEA AL 3] -Fasict.

5. £ 9|

20109 SRk, AFA 23 24 22 2274
= Aofste] olFAbE a5k GrowClust (Trugman
and Shearer, 2017)7} A|2t=] =], GrowClust=
HypoDD Z-& EpiDD&} Zro] HEFAIAE gt
2 g2 Q7]of 7]E o]F AR o] AREEY o] 2
ofo]| 5] A-8%|31 9t Chaves ef al., 2017; Yue
et al., 2017; Hatch et al., 2018; Rubinstein et al.,
2018; Ross et al., 2020; Zhang et al., 2022). =
HEAY 2|20l A 20204 S AL|2 Ao
&0 2 AL tKSon et al., 2021). GrowClust
o] EAS AuH Y, o]y 7t AlolE HuEX],
A%, B 2%} 79| Aol AYE
4 3t} GrowClust= HypoDD &-2 EpiDD2} &
g, 7 A7 =& Aol et B w1 AofA] 9
BAZBAT(ES ANATE Y=t S8 5)9] g
= A 52 AXF F AR aa= ARESt] Al
A 24 45 8% 5 F A 52 F AL
7+e] F=AlolF Al gt Ll-norm (F|aEWHAPE
BASI 2 ARSI Ll-normE L2-norm Y.t} o}
2efolo]9] HEkS d "o m(Nelson and Vidale, 1990;
Shearer, 1997), GrowClust= F A2 &2 &= 2]z
9] o|FA} F|aslof| ARH NS s} el
T = e GAE ALRE FHA Y=tk
0|2 Q1o GrowClust= &= G <ol A Ay ok
O] XX 2 A HAA A 7]E o] FAH E T
& 5= = T, 7|E olFA Ho 27] 2
AEof ojEHolztar & 4= Qlr}. E3L GrowClust
= AT AE gRtdgoeg AR 4 qnka
AAR = BhAbaket R 3 F- o] AA A oy
A WS40 FAIRE ARSSh= o] FHET
(Trugman, 2018). YAAZE Hojd BHZAE AR
dfoFd o, Ledt Ao A AT FA

A2 olgalo] WofA] 4wl km o]4Fe] B A2
2 PN E YAYSH= 0| FAPH(EPDD)S T
3l E 4= tH(Schaff and Richards, 2004a, 2004b;
Son et al., 2015).

Li et al. (2020)2 AA7IA] L= A 15 7|4t
(waveform-based) X1 274 ®Hol= 1) o]EFA]
(theoritical travel-time) 2-2 39} (synthetic wave-
form) 52 A/d5t7] fIste] AREShe SErEo
gt OE; 2) oFA7HA] 27| DAt AL E = E2
A4 B7F 719, 3) AR EA7|12Re] B 24
(challenges)7} A 8tc}al 31t Waldhauser and
Ellsworth (2000)2} Trugman ef al. (2017)-2 HypoDD
9} Growclustol| Al Xal= 74| o) & | 43}sh=
BAFRE 1§31 o[ 2FA|9] o] gt o]
24 FES SJush olck F8L 5189 S
2 (bootstrap; REAEHE ojEaple] oxpHg)
Ao]| ££ o] 8% H(i.e., Waldhauser and Ellsworth,
2000; Waldhauser and Schaff, 2007), GrowClust+=
T8 T REAEUS B 019 24
H2}2 A 23T Yt Trugman, 2018). REAE
& Fol7 BEFAAE ol ol FAY 2] 2
(robustness) T} 2 XIS AT 2 k. Tt
A Tr) SekA Fol R BRI} e
£ Afole A7 2A Hst= H97t e
Y, ol BEFAN BL AL B2} BT
GED 4 Sk ofnl2, o]7|x) BT Ao}
Zolg EeT BE F7 s} Hoi, weh B
49 HFE A7 AN TEA R aFHE A
Folot. =3, BEFAIRE A2 ARE=
Y| eVt Aolof| wah Febd 4= lom(see Figure
10b in Schaff and Waldhauser, 2005), Waldhauser
and Schaff (2008)7} X| &} gt ufe} o], X2 9] F 5
7} F7VeE )21 A 7|1 2o] B AdS W7] diiE
of AxATE sk F A FR2Y A9
Atol7b & A A 7N 0 249 aeA
o] F23| Zr4a3ttH(see Figure 9 in Son ef al., 2015).
wet el Ao he BEe 17 A
(see Figure 8 in Son ef al., 2015), 53 T=H3|
oF AARE A2 N} =2 LA 9 F7H4
EEZE v|wshal glom, Qe adu A5 23
2402 FojH FARRE 1tg 9 2zlHto] F7HE o
2 4% A AXNsH] A28 AaE WEeka
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9ltkSon et al., 2015, 2018, 2020, 2021). wekA
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BT R PEG AN FARR
o5tz olsAt 7o S A A HE2
20049 271 39 =)zl £4 o] A Atglo|H, 2010
Lofit A Hof| HEA oz 285 o] |5} 5 7|5t
£ YISk 24-o41 9] A 27t 5k
20109 S0k 2|7 8] BAoliz FRAB RS o]
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£20109 A1F A7 24 o) 8 oF 51 7H Al A
Z1& "R, = B RS A EAG Y
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F A TE ol 83 HEE O AFH
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£2 AAoRe Sk 2 o §H7 Yo,
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7 0] ok P} Su} A 4] ] BB RAE A}
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Z}o] 2 913} GrowClust:= HypoDD S-2 EpiDD
of ulate] obztoloje] gake © v, 274
o2 <lsto] A ARE Tals 5 A o

00
HIr

=42, 2 4

—

o

MEY, O =R 559

fol

— (b

e B 5 glork, I97] iR 7] 194 3
wol B EAY 4 glek B7 AAH A 3
H A o w9 Yudae SaE dve) 44
e fofstolo Gtk mparo =, YB3
W, oA, ASH 24 BT 2L wg Asa
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sl M2 AL A 91X 24 2 ANBE 54
2P 0] 2|9 wol SIS Gie] Tge
Generic Mapping Tools (Wessel et al., 2013), SAC
(Helffrich et al., 2013), Matplotlib (Hunter, 2007),
MATLAB (https://www.mathworks.com/products/
matlab.html), 12|37 Inkscape (https://inkscape.org/)
2 ol g3tol A4stASU
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Appendix 1. List of Korean-English terms.

o
HIr
n

563

Korean English

A7 earthquake swarm

ATA - 24 hierarchical cluster analysis
SARYEAIZE Bt A2 A STA/LTA

dEHsl fault plane solution

oz bandwidth

ez dendrogram

HFE A repeating earthquake

vl A ambient noise

N> takeoff angle

X s cross-correlation
FRFTEA7 correlation detector

FEUA manual picking

A time-window
AR-FETEE F time-bandwidth product

A% o F-H] signal-to-noise ratio

AT "A signal detection

A EHES stable continental region
O|2FA|, ALIFAl theoritical travel-time

o|FA} double-difference

A phase

Ad HE phase association

Fid) residual

FAlo]FAH travel-time double-difference method
A|AAIZE time-lag

AR seismic event

AR, A7 earthquake cluster

AR event pair

AY-W71 G N E reverse Cuthill-McKee reordering
Y template

HES A template matching method

b e waveform cross-correlation
TSR] waveform cross-correlation detector
TRV waveform similarity

SteliE subsample

sHPdmIghd 2 volcanic/non-volcanic tremor
OB sparse matrix

Lgt Lg wave

pa} P wave

S} S wave
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