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SUMMARY

I. Title:
Improving Earthquake Locations in the Korea Peninsula

Using Station Correction Terms and Waveform Similarity Measurements

II. Necessity and Objectives of the Study

Determination of earthquake source parameters (earthquake locations and
origin times) is a routine once earthquake occurs. Temporal and spatial distribution
of earthquake parameters and their relation with the subsurface geological structures
provide fundamental information for studies of seismic hazards, earthquake hazard
mitigation plan, subsurface velocity structure and others. Precise determination of
earthquake parameters, thus, is the first step before any seismological studies.
Earthquakes can be mislocated due to poor phase arrival readings, errors in the
velocity model, bad station distributions, and inefficient location algorithms. Poor
phase picking and lack of information on the velocity structure are the major source
of errors in the earthquake location. Current study addresses the improvement of
earthquake locations when proper velocity models for the study area are not
available.

In the earthquake early warning for seismic hazard mitigation effort, the
rapid determination of earthquake location is crucial. The study also addresses the
feasibility of rapid earthquake location under the current configuration of seismic
network and the warning time for potential earthquakes in Korea. Results of the
study, 1mproving earthquake locations and faster location determinations, provide
basic information for detailed studies of seismology and seismic hazard mitigation for

the potentially disastrous earthquakes.

[II. General Scope of the Study

Assuming reliable velocity model is not available and initial arrival time
measurements include some errors, relative earthquake locations are improved using
station correction terms and waveform similarity. Both methods, JHD and HypoDD,
are used to relocate earthquake clusters. Assuming there is a cluster of earthquakes,
the effect of model deviations near the hypocenters will be almost identical, which
can be ignored. In JHD, errors arising from deviations from the model near the
station and along the ray path from the earthquake to the receiver can be lumped
together into a single effect, termed "station correction." Assuming focal mechanism

of two nearby earthquakes are same, it is observed that two waveforms registered



at a single station are very similar to each other since they share almost same ray
path from the earthquake to the station. The similarity is used to improve the
relative earthquake location. Earthquake waveforms in Korea are collected. P-wave
and S—-wave arrival times are measured. Then earthquake clusters are relocated to
obtain better relative locations.

For rapid determination of earthquake location, the two earliest P-wave
arrivals from an earthquake are used to construct a hyperbolic curve such that the
epicenter of the earthquake will be a point on the curve. The information that other
nearby stations have not yet recorded arrivals constrains the epicenter to lie along a
segment of this curve. The method has been applied to earthquakes in the Korean

seismic network to estimate warning time for potential earthquakes.

IV. Results of the Study

Earthquake catalogs and waveforms by Korea Meteorological Administration
(KMA) and Korea Institute of Geosciences and Mineral Resources (KIGAM) are
collected. Earthquake parameters listed in catalogs are different due to the number
of stations, velocity models and operating systems. Collected earthquake waveforms
are earthquake data occurred between 1997 and 2007. P and S arrival times are
manually picked for earthquake occurred between 2003 and 2007. Arrival times
measured during the previous studies were also used. Arrival times from two seismic
network are combined to locate earthquakes. There are differences among the new
single earthquake locations, KMA locations, and KIGAM locations. An automatic
phase picking routine using Akaike information criteria (AIC) is developed for further
phase picking.

Although earthquakes in Korea occur over the large area without any
general consistency, multiple earthquakes occur at several regions. Six earthquake
clusters were selected for earthquake relocation using JHD method. Distribution of
station corrections indicates relatively low velocity 1s expected in southwestern
Korea. In a few remote areas, including Jeju and other remote islands, station
corrections are extremely positive or negative. The observations may indicate
different geologic settings in islands from those in land.

A few earthquake clusters are also relocated using HypoDD method. Select
earthquake clusters are located in Youngwol region, 2004 East Sea earthquake
region, 2006 East Sea earthquake region, and along the Yangsan fault system in
Gyeongju area. The relationship between subsurface structure beneath the sea
bottom and earthquake catalog locations in the 2006 East Sea earthquake cluster is

not clear. Relocated earthquake hypocenters, however, indicate earthquakes in the



cluster occurred along the east-dipping normal fault beneath the ocean bottom.
Economic growth, industrialization and urbanization have made society more
vulnerable then ever to seismic hazard in Korea. Although Korea has not
experienced severe damage due to earthquakes during the last few decades, there is
little doubt of the potential for large earthquakes in Korea as documented in the
historical literature. As we see no Immediate promise of short-term earthquake
prediction with current science and technology, earthquake early warning systems
attract more and more attention as a practical measure to mitigate damage from
earthquakes. Earthquake early warning systems provide a few seconds to tens of
seconds of warning time before the onset of strong ground shaking. To achieve
rapid earthquake location, we propose to take full advantage of information from
existing seismic networks; by using P wave arrival times at two nearest stations
from the earthquake hypocenter and also information that P waves have not yet
arrived at other stations. Ten earthquakes in the Korean peninsula and its vicinity
are selected for the feasibility study. We observed that location results are not
reliable when earthquakes occur outside of the seismic network. Earthquakes inside
the seismic network, however, can be located very rapidly for the purpose of
earthquake early warning. Seoul metropolitan area may secure 10 — 50 seconds of
warning time before any strong shaking starts for certain events. Carefully
orchestrated actions during the given warning time should be able to reduce hazard

and mitigate damages due to potentially disastrous earthquakes.

V. Suggestions for Applications

Earthquakes in Korea peninsula and its vicinity are relocated to obtain better
relative locations. Rapid earthquake location method for earthquake early warning is
also reviewed for site—operation. Using relocation results as well as the focal
mechanism of the 2006 Uljin offshore earthquakes reveal the rupture plane. Results

of the study, can provide basic for the following studies.

O earthquake hazard mitigation
correlation with the tectonic boundaries
relation with major faults

local seismic hazard investigations

rapid earthquake location for earthquake early warning

O O O O O

seismic hazard map
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£ A3 Ao BACNM A2 e, AFHFETE 27, AL 71E W 2A, A
AAHE A7E BIET 78 AAE d79Y 7I2HEE AT, A" A
HEAA AE me #EAT ] AFEE A HLIH oldF o FE HAFF
A EAAA AAC B A= AT A7 o] He stoeH, A= 1
d77F w22 APHIL U,

dutH o2 A3 AL AHR ALY Pt Suhe] 2ZFARE A
2 71Z202RE 41, 7€ ATERY FEF A A HdE £ 2dE A
|3t JAoE AXBAAXE ZA ST ANLAHX = 2§ ZAAL B5Y
7, AHEE SERYH AA XFFE Aol9] Aol AXHA AA AMEH 41
59 A4, d4dx £33 AABESL BX S o3t ZE ZAE F U

#E49 F7 B3R &€ dde dY A £ JWVNE B35 FFo
AT Aol FRAHOZ AT ERANGE BE3e o] dwrHo|oy, AxH
Z49 F7F Tkt AAEE (29 Fo] Fhst AWV ES A5s=d B
At 8o "HRdtA HI, AFAMNEER & AAzV|FRY ZaAd oet
&4 FoE7 AR wet o] APYE AFd ste B9 grh AT A
o AYZAAE HAME LAY FHA o =FAT &l HAHo] L83

A AT ARG ZFALOERE AFTH BEE FHYAAA A= A=Y 7t
o=kl s AFE 4 Uti(Allen, 1982; Withers, 1998; Zhang et al., 2003).

| 24 AAEHE ZE2 Q3 23 Yutd oz mddHgn &
o AR TAAAE ZFR AR st b & dole] HUE v S=EY
2 QIS AE =ol7] HAste AY JHe] AL FAl AASE Joint
Hypocenter Determination (JHD) W= (Douglas, 1967, Pujol, 2004, Kim et al.,
2005)% ¥ o] FAGS AFE3HE HypoDD ol ARgEH o] AXHAXNE AL
N AR 7= FoH(Waldhauser, 2002). =Wl AE A2 =2
&2 QA FEE SxRds FAAE AL FAZAA HHE A&

G A8 7 BP9 FRAR] B BERD ARG Aosh AR Ae T

_17_
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Aete Wyl AHEH7=E FHKim, 2006).
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S o, B AE AABTeY BHE BHY] S5 AABZY
& AAAA B GAAAE G ok B AGME @A FUIA £9H T
9t ARBEPY RS VPP TANNBET EF, ¥TALAAATY A
#5%, 33 3 % BN 9T YE AQBET PO o} A
oz Asgon, oF St AABETF ARL PAS LT F472006)
st AT S(200009 A, 20024FE 20088 7HX #AD 74F ANARE 4
%

= QLA (TIAA, 2002 7143, 2003; 71787, 2004; 7173, 2005 71743,
2006; 7177, 2007; ]’b"g, 2008).

311 7133 AHAST
FEvetel A 1905 AZI X xlo] AlAE olf & XY TH GAE AA
A9 XRAFASH ol2x1 gt} 1963 5% 2 ZAFA (United States Geological
Survey)® A AAZBAZL(WWSSN:  World-Wide Standardized Seismograph
Network) Abd, 19784 72 508 F477, 1996 Oﬂ—%xm 19979 AFAY 5
o] AA9 71FR AXNAZTLE THIEE FUE gAY T dFolnh
717473 A 2007d 2 A £Fs e AIBASGH T 2FHIAIA 1
o, FHGALA 120, @F7IAAA 234, 7tE=A BHE Ax A BFLd 7
Z 3874 tiste] FAARNFA TS ARG JAvHZH 1, 714, 2007). =
& 1AM ARHES A3AEY dFoE AAASHE Hdsn AES

2AAAEE AN ST T

go,
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a9 3.1.1 71773 AXAST A5 20079 AA, 71733 2007).

312 S=AZAALA T AXHSF
FFTANAALATEL 1982 gt
gFE AYTEHE Hstq olF2 dAA
2005 11¥ & o] FHIHSL A NFTF 4
Z71ARA 1570, 7+&EEA 1670, =3

ez ]
h
ATh FFAFEARLITLY AABAST GA] Y A LA E AIE
o

FARAN AN FRE, 133 AABEFA Hwste] 5 279 A
ABEFL BA/e9 3 dote Aolth FI FAVIY FFHL TR o
A9 AABAEA, AAAEE AT & A5 o] MG &7 o9 AAuE
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g FueA BYRE A ABHS 7 £
F49 ADATFEY AT A YAAABEFE BH /2G5 9ok

314 FEFH 2 2N =4 (35

E d7E Hste 1997958 2007 d Atelo] gdtE jFE FH FHI HoA
LAY APez 713, dAAALdAT Y, dxdAHEAA e, H F=LH
ATdelM EFet = AIBSH 7154 JJr@‘ XhEL% A ANESH
FE s e HE T IS FAZALATEAM Z T1BM Az

AARAE Fotd BEE ARE WEoz A ng FANT, FE
E@th JlBeld £98n e B24Y BEd 57 Belgon A4 4E
WeAE Aol7h A, & AFANE 7 7Bl A ﬂms}% AR FFAEE F4
# 5 P} el ERAEL

AR A8 A2A

ot
e

oN
)- _|_,

T }%ﬂ A5 A2
£ HA3 sy ¢ste JHD HdE I HypoDD FH S /\}%
%

2 29 A4 34 Fgo0, $F A%
FA7t 249 AFHE o|F7] JF ATE FAsd 1 AT AAE 333 2

3.2 A EE (Earthquake Catalogs)
Suvet A7 g dge A o NAANALATFY X34
59 AFEY AFY 7x7F Aok AAEF ARE GARAIAEYG A7IARA
Z]—E_i Us & oy B dFdgqAs AVIAZARE F 1997d o] F 9] Xz A4
HI S FAHO0E AyET

321 7N AARNEET F5AAALATYE ANEE=
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322 AXFZ4 JALAA}F zpo] H AL

£ A2 it B 7Y gdAAN JdAA 24 2AF B dA 713 FH
FRAAALATLNA TEF ALBAEFE] Fo|B $4 Fw BT 7 AH A
T des F LA E $HA ForZ oy A Ut F 71HY
2189 x) 9] zFolE 10km olWolx, 7R AL 05 o] ol &
= 79 Aolst v, AAALAAT A WE FEI}
194 %= %E__H_u} 2 Al Ao AT A7l Ay £ B AQAA A
ol UFoA ZAG AR A Hr} sAdA LA X9 HFE 2 Zolrt
a9, sl E}E‘r M FIES MafdlA FAT A oM EE AR FE
o Hte] xpol7t Atk E I3 T (A S, 2007).
dibz oz AP} AR Fas IFE 7Ae 8l WdAA 2A
o AHEHE AR, B34 BE, £xRd 083 JAAAE BHse T2
5ol itk 714 AH T dxAHEALATFdAA FES ALARSY AFo] E o] g
Qo] AT = Utk AAAA AR A 7 e AR AT FE AE
g AR Az zeld AT F Utk E AR 2F L HAAE Ve
A T2E RS SE FE Rde Agard, 4% AS AATFED
IASPEI (International Association of Seismology and Physics and Earth's
Interior) 91 1-D $E29e A1§8xm 91, F#FAA4AATAY 3¢ A7 &
BE ANEY FF 7€ T Yot AAE 1-D SEEDS AT eE SR d
o] zpo] EFE Frl#e TR zolE TAAZ & U (ZH 3.29).
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%wl ﬂ%oﬁ%k TEFS FH ANRY AT BANE 12 2h) B
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]
249 A7 AN A Sabe 08 dee £AY e B A% W

r°1'
i

1= %141 A 7] X}E«] B g U 2 198049 o] F ofE J#Eo A FIF
o] $kth(Chiu and Kim, 2004; Lee and Yang, 2006). 4% Axz2 A5 &4 o
F7HAE, 7, 79 A4, A99X 23 ) dd 718 & FAE kY o
A ZAHo] ok Ao}, ojv] REH ARE HAFaxrt A o14F & QU=
£ HolHuo|~E FHaE AdE Fastth v dF dxule (4 %
A dEd), AR & =54 o A 2P dF3EFo] UATel BZHI
BaA g0z FA/AFA BRiEx ot FA di=
globd TF el

S
BT
ot
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ook
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N
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gag0] WEFnt olgd A& ol Faet AMH /\Lq]xq oz wmo X]J
2EEE o AZAANEY] A% AACE dastH.
#FA 30dzke AT WE=E BA AL F U FEI S
Je AMFE BAH(IE 3210). 2 TR 30 oY AL HEFe A
A7 AN EAE 2 W\ goh A7 AL 2 35 U= A 30
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Ayl o2 F=X]9} o]EX e RMS (root-mean-square) S HA3 A|7]& o &
e H o} (Lee and Stewart, 1981).
Ak AMEE AW A S Rdo] A AsFxe FARSHL, #EE
SZA ] 277 9ithE, RMSE 0o 7H7kgjof gtk 28y, Ao g AL
T 1-D &= 242 dA A7 4 Wis FE3] wHFsx X Model
errorgty FAEHE AAESETFRG Ao AlgE Bl Hols AAAE FE
A A s A 8}% 7HE 2 Qo] FH7]Z® dth Model errorg #4357 YA E
49 dAE 57 s, A AFTEE A dHFHoE
E_/‘]'?-)']"T'j 3t SEFxY AREo] vrEA S H(Kim et al, 2006, Chen et al,
2006). &= @7HA] FE AebAQl A 2R AL A7 =F
AZEe] A9 o] &R Ato]e] RMSE Hast Al7le FHoEA, ZF2& RMS7}
HAAZ QAR AFAHE A= = (Pyjol, 2004; Kim et al., 2007).
2 FE NAY #FHaoAM XA =FA|7Ho]
Az EAARNE R2E FHAA 27] A7 4AGHE, 4E,
Zo])st 7‘]7‘]‘%“3 ’\] e MRSt 2 AGY AR Ag S=72E JHAS o

2
r
)
)
=
_, S
e,
0%
o
N,
™
(o

A71M = RS IAANZE, T ANS2ZRYH #5484 7HA] AA7E dLEH=

AR (t)E D9 2727, 2° o, ") Taylor seriesE AM&3lH #ZX ¢} 7
2] Atele] zpolE T o ﬁ?ﬂ g 5 9t

=) — @+ 1)

T T,  oT
= dr+ 2 de+ L ay+ 2z
ox oy 0z
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A7A, dr=T1-7,

de=x—1°,
dy=y—1f,
dz=2—2° o]t}

o] & thest Lol A & # gk

ox Jy \oy ), \ oz ), ,
X aT) (aT) (aT) ST !
oL (9L [ 9L el |7y
BRI AT Ik
. . \a
1(a_T (a_T) (a_T) R

ox |\ oY I\ 02 |

matrix notatione AF&3tq TA] 2H T3 Zr}
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Y e
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b gEoz 27 dehteE 3 492 A8 $ERd Hold dettn
AZtEth 29 3332 KIGAM 2E¢} SELY] Aol& HoFE Aoz KMAY 7
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N g $E Edg A4 PORE ox AR o4® Aol 1y FF 205
km BAE AFHA7} o]F P Ed oA 714 AXNBAZAFY KIGAM A&
ZA87t 25 A4HY] dEolgn 4ZEd 1Y 3339 22 telojade
AY A= Ha:a}sq PR e EART A WFOE I 0B W] 3 BFH
gou Aurdoz of| FHAQ Wi FAL TAVE FET I Aol
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Are FAF-TdHEE 7HAZ Y. 7B gol A
STA/LTA  (Short Term  Average/Long Term  Average) ¥, AR
(Autoregressive) Model 5©| Uttt A 7] HoA &9 FA I7HA A%
gl (NEIS, National Earthquake Information System)e|A& STA/LTA &€X
g Ax =FAZ SAHE FPSL doy WA FHeol =2 TFIIH
MEL AZAhoA ZEYE Py 2HOE XFAAs AAHL 2 2AE JIAHLE
UTHF &1, 2006). WetA & ATdAs HS AddE 25 3L S W
32l AIC (Akaike information criteria) pickerE #&3te] $-zluzlelA &
AR el EFAE 2HE A% 315 tH(Allen, 1982; Withers, 1998; Zhang et
., 2003).

AIC pickerg Al@3t7] #1gte] 4 2007d 1€ 2thibel A HAg X3
71&e AHE&3AL, 1 Z2AE £F SAHY 2 vt
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AL X A I Al F AtHGot et al, 1994; Waldhauser and

Aol AzE rof] 2T A o] BFHA o] EFe= AP T = o5

‘ k
:Tl‘l'/ uds

o37]olAd  wE  slowness fielde]il, dsE element of path lengtho]t}.
=" =)@ & W, Taylor Serise® AM&3te] &3 o] & & gt}

A7l Am' = (Ax', Ay, Az, A7) o)tk cross-correlation methoddl M= T X127
o FAAEA(G—4)")E 2B g 2o & & vk

ot

—* Am = dr?
om
A71NA Am’ = (Ax”, Ay, A2V, ArT)ol ), a3, #EFHAIZEAS o] 24 F

A ZEAFS] ZAHE ThSF Zo] YERH, o] X3 double-difference®] % ¢jo]7]
T 3t}
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o] HR=g HolAd TAZ F Y AJezRyY TAT A7) sy
o #52dM ASE w o] F AF Y FAET F AF Y FAAL Aol A
7HA BRE Abgste SAE ¢ AT I F P ERbEH MRS AR G A
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A7 2t} y(t)s A DRRY Aot e AR T Azolth o71A
WO WOE FA4] Ak Feolgtn A HEel FAAH T3 A
A4 DE 37 9% M 99A PP (0B AL ¢ EH o FATBA y(t)
shel ABA%, R, (0% AXs R (D7 Aoigke w7 F3 A7kl

omel R, ()7 H¥e) FA4E UEhlE Aolth ¥ H¥e 4AHCOL O
&3 o] Fojawh,

R, (r) = ARgy(r— D)+ Ry 1y (7)
do e BeHAD FLol oW ABAdo] §l& AS, =D 49 R, (1e Hugkel
9ot A4 AFelMe AFe Zolrt A U, Feol SASHY] WEl peak
7b B3k g8 F= Uh 0134 B FRY FAEE SA87] dd A3 A4
AE 43 Jud, ¥HE A F AHALIHUE ot F ol wEAe window
function® AF&3H7| = 0}::13], 74 ol AEFHE AHeo] maximum-likelihood
window °lth. & A% z(t)9 y(t)9 cross-spectrume S, (f)g= & @, S, (f)<
S, (f)e «t)et y(t)e] autospectrum®]th. Squared coherence function.& Th&3 2
o] FAIT F Ut

=35 s,

1 G, (f)
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windowed cross-correlation(R,,(m)) Wf)S,, ()2 IFTo|t}.
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stk @71 o2E duErek Ao LA A, $X, FEE BEI Rtz oy
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B AuEQ olg RFoz st AEE A WYX H X, FE &
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AXFAANRNE FFE Z2ASA ste 7P & dRlo] HI = v, RdddE FHA
gtat7] YA E, & 1-D £=2E2E9 FAE FEI] YA E, 44 AFTFERE
Hoh 42302 HARSE 33d S22 Algo] BlgA sttt o] Brox= A
A gxe Add AIAHELE FRI7] Ysted  JHD  (Joint  Hypocenter
Determination) ¥ (Pujol, 1988; Kim %, 2005)3 ¥ o] FAIAHE o) &3r|= 3
tH(Waldhauser %, 2002).

Gl A5 A 7HA B EF A AN dAAE 7€ 9| EHH
Ql ol AR, Aol B AlZte] oI &) M FoT A2
BEE Aot ALEs7ldle AAEA grh AEE AL HA AA o] TRsHA R
ARNZZIBEAAME A&EsA A dBAAE dAstE o] B T2 F 3
o #F9% F(2007) olHd =¥ JdFOoE @YU #Z4d V|FE P %7] 2

Eee BEE FHE IAdAAE TIle HEE AN ¥ UH 2 4
TollMeE 1dHA AEEH R Hé-"— P& 714 WA #3233 27 #SAZFHY
AEE AHEet A ZAAAE dA HYE FAE 5 FHY BE BFAdA
otz P37t =X %‘9}5}% FEE o83ty AIAAE T4 T Rydelek
, 2004; Cua, 2005; Horiuchi %, 2005). ¥ 479 HYAE HAYUA R, A2AZ7H
£ Hgte] 4AE3] ZAsoF & E dve AXY FE, 2 #AAAFAA Y
2ot AXNZE7IZEE A% A& & 2AH WURezs 25 =3 5 2 -3
239 ¥ EAR BEHE v eE EE FAHIE Ve £
(Allen &, 2003; Wu &, 2005). 3922007 P =7] 38 4L &3t I
oA EAste A R FAHo] JhedS AAT v Uth H]
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i A

ME | AR | 24ddy QA o= o
1 5.3 1980. 01. 08 08:44:13.3 40.2 125.0
2 5.2 2004. 05. 29 19:14:24.0 36.8 130.2
3 5.2 1978. 09. 16 02:07:05.8 36.6 127.9
4 5.0 | 2003. 03. 30 | 20:10:52.8 37.8 123.7
5 5.0 1978. 10. 07 18:19:52.2 36.6 126.7
6 4.9 2003. 03. 23 05:38:41.0 35.0 124.6
7 4.9 1994. 07. 26 02:41:46.3 34.9 124.1
8 4.8 2007. 01. 20 20:56:53.0 37.7 128.6
9 4.8 1981. 04. 15 11:47:00.0 35.9 130.1
10 4.7 1982. 03. 01 00:28:02.1 37.2 129.8
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