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Probabilistic Analysis of the Korean Historical Earthquake Records

by Soung Eil Houng and Tae-Kyung Hong

Abstract Seismic-hazard assessment for earthquakes with long recurrence intervals
requires long earthquake records. Historical records for seismic damage can complement
instrumental earthquake records, which is particularly useful for low-seismicity regions.
Uncertainty in epicenters and magnitudes, however, hinders the full use of historical
earthquake records. A probabilistic method to determine the epicenters of historical
events is presented. The epicenters of historical events are determined probabilistically
considering the nature of seismicity such that the spatial distribution of seismicity is
nearly stationary with time in a constant tectonic environment. The probabilities for
historical events to have occurred at given locations can be calculated using an instru-
mental seismicity density function and a distance-dependent weighting function. A
location is selected randomly from a set of candidate source locations, of which prob-
abilities are greater than a given prescribed value. The epicentral seismic intensity for the
determined source location is calculated using an intensity—distance relationship. The
magnitude is determined using an intensity—magnitude relationship. The method is veri-
fied with analysis of seismic intensity data for earthquakes in California. The method is
applied to an ~1900 year long Korean historical seismic record, and the magnitudes of
historical earthquakes are estimated. The Gutenberg—Richter » values for the historical
events are determined to be 0.73. It is observed that the northwestern and southern pen-

insula, and the southeastern offshore region have high seismic-hazard potentials.

Introduction

Assessment of seismic potential is crucial for the prepa-
ration of seismic-hazard mitigation (Frankel, 1995; Kagan
and Jackson, 2000). Recurrence intervals of large earth-
quakes are important parameters for seismic-hazard assess-
ment. In particular, maximum magnitudes provide the upper
limits of the strength of earthquakes (e.g., Kijko and Graham,
1998; Koravos et al., 2003; Thingbaijam and Nath, 2008),
and are used for seismic design of national infrastructures
including nuclear power plants (e.g., Klugel, 2005; Mueller,
2010; Ares and Fatehi, 2013). The maximum magnitudes are
determined probabilistically based on observed seismicity
for sufficient periods of time. However, it is difficult to judge
whether sufficient seismicity was observed.

Stable intraplate regions, in particular, have low seismic-
ity with relatively long recurrence intervals of earthquakes,
resulting in a limited number of instrumental records. Also,
the recurrence intervals and maximum magnitudes of great
earthquakes in active tectonic regions are estimated with high
uncertainty based on limited available instrumental records.
For instance, the 11 March 2011 M 9.0 Tohoku-Oki earth-
quake occurred in a region where no earthquakes with mag-
nitudes greater than M 8 have been recorded according to the
instrumental earthquake records (Geller, 2011; Koketsu,
2012). However, high seismic risks have been expected ac-
cording to historical and geological records (Goto, 2011).

Thus, analysis based on long-period seismicity records is
in high demand to account for the seismic hazards of earth-
quakes with long-recurrence intervals.

Seismic damage records in historical literature may
be useful to complement instrumental seismicity records
(Ambraseys, 1971). Historical seismic records are available
in many countries, including China (Lee ef al., 1976), Japan
(Usami, 1979), Mediterranean regions (Poirier and Taher,
1980), India (Rao and Rao, 1984), Europe (Rubbia, 2004),
and Korea (Wada, 1912; Lee and Yang, 2006). Historical seis-
mic records mostly describe seismic damage that is readily
convertible to seismic intensity. Rigorous efforts have been
made to assess seismic hazards based on historical records
(e.g., Albarello and Mucciarelli, 2002; Miyazawa and Mori,
2009; Seo et al., 2010). However, historical seismic records
have inherent limitations for full use in seismic-hazard assess-
ment due to their uncertainty in source parameters including
event locations and magnitudes. Errors in epicentral locations
may affect other source parameters including magnitudes.
Thus, reasonable determination of epicentral locations of his-
torical earthquakes is particularly important for seismic-haz-
ard analysis based on historical records.

In conventional hazard analyses based on historical
earthquakes, the places with the greatest damage in the
historical record are assumed to be the epicentral locations
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(Degasperi et al., 1991; Lee and Yang, 2006). However,
seismic-damage records in the historical literature are mainly
for major cities or towns, whereas those were rarely kept for
uninhabited remote regions such as offshore or mountainous
areas. Further, the epicenters of offshore events can be mis-
takenly interpreted to be placed in coastal regions based on
the spatial distribution of seismic intensities in major cities.
Thus, the historical event locations can be skewed by the
spatial distribution of major cities or towns. To reduce the
inherent uncertainty in the epicentral locations of historical
earthquakes, various approaches have been proposed (e.g.,
Degasperi et al., 1991; Bakun and Wentworth, 1997).

In this paper, we introduce a method to determine the
epicentral locations of historical earthquakes from historical
seismic-damage records considering the instrumental seis-
micity. The magnitudes of historical events are estimated
from recorded seismic intensities and the magnitude—inten-
sity relationship. Properties of historical seismicity including
the Gutenberg—Richter b value are discussed, which may be
useful in seismic-hazard assessment for earthquakes with
long recurrence intervals.

Tectonics and Seismicity

The Korean Peninsula is located at the far-eastern mar-
gin of the Eurasian plate. The Korean Peninsula experienced
complex tectonic evolution with interactions between nonex-
tended and extended continental crusts including continental
collision and rifting (e.g., Chough et al., 2000). The collision
between the North and South China blocks formed the current
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shape of the Korean Peninsula during the late Permian to the
Jurassic (e.g., Oh, 2006). Also, continental rifting during the
Oligocene to the mid-Miocene opened the East Sea (Sea of
Japan; Jolivet et al., 1994).

The Korean Peninsula consists of three Precambrian
massifs (Nangnim, Gyeonggi, and Yeongnam massifs), two
Permo—Triassic orogenic belts (Imjingang and Okcheon fold
belts; Ernst et al., 2007), two Paleozoic sedimentary basins
(Pyeongnam and Taebaeksan basins), and a Cretaceous
Gyeongsang basin (Chough et al., 2000; Oh, 2006; Fig. 1a).
The major tectonic boundaries and faults were developed by
major orogenic events during the late Paleozoic to the Mes-
ozoic including the collision between North and South China
blocks (Chough et al., 2000).

A northeast-trending paleo-rifting system (Chugaryeong
fault system) was formed in the central Korean Peninsula
during the Holocene, displaying signatures of multiple vol-
canic activities (Lee et al., 1983; Won et al., 1990). However,
the tectonic evolution responsible for formation of the Chu-
garyeong fault system remains unclear (e.g., Shibuya et al.,
1985; Ryu et al., 2011). The crust of the Korean Peninsula
presents typical characteristics of a continental crust. The
crustal thicknesses are about 28-38 km (Chang and Baag,
2006; Hong et al., 2008). The crustal thickness decreases
abruptly across the east coast of the peninsula to the East
Sea (Hong, 2010). The crustal thicknesses beneath the East
Sea are 8.5-14 km (e.g., Hirata et al, 1989; Kim et al.,
1998). The crustal structure beneath the East Sea displays
a transitional structure between continental and oceanic
crusts except in the central East Sea around the Japan basin
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Figure 1.

(a) Surface topography map with Korea Meteorological Administration (KMA) seismic stations; triangles, KMA seismic sta-

tions; thick lines, major geological provinces; NM, Nangnim massif; PB, Pyeongnam basin; OB, Ongjin basin; IFB, Imjingang fold belt; GM,
Gyeonggi massif; OFB, Okcheon fold belt; YM, Yeongnam massif; GB, Gyeongsang basin; and YIB, Yeonil basin. (b) Instrumental seis-
micity around the Korean Peninsula during 1978-2011; star, epicenter of the largest earthquake on the Korean Peninsula since the intro-
duction of modern seismographs. The event magnitude is Mg 6.5, and the event occurred on 19 March 1952 (Engdahl and Villasenor, 2002).
(c) Locations with the greatest damage for historical earthquakes during 2-1904 A.D. The seismic damage is presented in the modified
Mercalli intensity (MMI) scale. The color version of this figure is available only in the electronic edition.



2784

in which an oceanic crust is present (Sato et al., 2006; Hong,
2010; Kulinich and Valitov, 2011).

The Korean Peninsula belongs to an intraplate regime
with low seismicity, and displays the typical characteristics
of a stable nonextended continental crust. The focal depths of
most events are less than 35 km (Hong and Choi, 2012).
Seismicity is spatially scattered across the peninsula with
clusters at northwestern and southern inland regions, and
western and southeastern off-coast regions. Relatively low
seismicity is observed in the central, northeastern, and
northern inland regions (Fig. 1b). It is known that strike-slip
earthquakes are dominant on the Korean Peninsula (Choi
et al., 2012; Hong and Choi, 2012). However, thrustal earth-
quakes caused by reverse activation of paleo-rifting struc-
tures occur in a region off the southeast coast (Hong and
Kang, 2009; Choi et al., 2012). The paleo-rifting structures
are associated with the East Sea opening. Also, normal-fault-
ing earthquakes are dominant around the northwestern off-
shore region where the paleo-collision belt between North
and South China blocks is present (Hong and Choi, 2012).

The national earthquake monitoring program began in
1978. According to the earthquake catalog of the Korea
Meteorological Administration (KMA), 949 earthquakes
with magnitudes of 1.7-5.3 occurred on and around the
Korean Peninsula during 1978-2011 (Fig. 1b). The instru-
mentally recorded earthquakes include five events with mag-
nitudes greater than or equal to 5.0. Approximately nine
earthquakes with magnitudes greater than or equal to 3.0 oc-
cur every year. It was reported that an Mg 6.5 earthquake
occurred in 1952 on the northwestern peninsula, which is
one of the highest seismicity regions on the Korean Penin-
sula (Engdahl and Villasenor, 2002; Fig. 1b).

The short history of instrumental seismic observation on
the Korean Peninsula may not be enough for inference of
earthquakes with long recurrence intervals of hundreds or
thousands of years. Various historical literatures contain earth-
quake damage records for the Korean Peninsula during
2-1904 A.D. (Lee and Yang, 2006; Fig. 1c). The total number
of historical earthquake records is 2185 with seismic inten-
sities in the modified Mercalli intensity (MMI) scale of II-IX.
The number of earthquakes with seismic intensities greater
than or equal to VI is 240. Historical earthquake damage is
observed in most regions of the Korean Peninsula. The num-
ber of earthquake damage records on the northeastern penin-
sula is relatively small compared with that on the southern and
northwestern peninsula. This historical seismicity density is
consistent with the instrumental seismicity density.

Theory

Probabilistic Determination of Historical
Event Locations

The locations of cities or towns with the most severe
damage have been assumed to be the epicenters of historical
events in conventional studies (e.g., Lee ef al., 1976; Usami,
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1979; Poirier and Taher, 1980; Lee and Yang, 2006), which
may not be true in regions with sparse distribution of cities or
towns. In this paper, a probabilistic method based on well-
recorded instrumental seismicity is proposed for the determi-
nation of the epicenters of historical earthquakes.

Figure 1 presents the instrumental seismicity and the
locations of cities or towns with the most severe damage
by historical earthquakes. The most damaged locations in in-
land regions appear to be generally correlated with the instru-
mental seismicity. Also, it is observed that the most damaged
locations are populated along the coasts of the peninsula.
This may be because the reported seismic damage in coastal
regions may be in part caused by offshore events.

The actual epicentral locations of historical earthquakes
may be close to the cities or towns with the most severe dam-
age relative to other cities or towns. Thus, the probability of
finding the actual epicenter may decrease with its distance
from the most damaged location. The probability of a histori-
cal event occurring at a certain location can be estimated con-
sidering both the instrumental seismicity density and the
location with the most severe damage.

The probability of the ith historical event

(i=1,2,..., Np) to have occurred at the jth discretized cell
1,2,....,N.), Pij, is given by

P =AxC;xFy, (D)

for which A is a normalization factor yielding Z;v;l Pii=1,
C; is a normalized instrumental seismicity density at the
Jjth cell, and F;; is a weighting factor reflecting the distance
from the presumed location of event i to the jth cell. Here
note that the normalized instrumental seismicity density C;
and the weighting factor F;; satisfy Z?’;, C; = 1/Bpy, and
S F =1
j J
We define the instrumental seismicity density B; to be

N

B. = 1) s, (g x Gjv) @)
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in which N;, is the number of instrumentally observed

events, n; is the number of instrumentally observed events

in the kth cell, and Gix is a Gaussian function centering

on the jth cell. The Gaussian function smoothes the spatial

distribution of instrumental seismicity density. The Gaussian
function (G ;) is given by

1 _lik
Cik = 22| 357 ) )

in which o controls the spatial width of the function, and /;;
is the distance between jth and kth cells. The maximum
value of B; is defined to be Bpy:

Bpax = max{B;,j = 1,2,...,N_}. 4)
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The normalized instrumental seismicity density C; is calcu-
lated by

Ci=—"1. (5)

The weight factor F;; presents a probability density
function as a function of distance, which is given by

o K x exp(=K x d;;) for d. <d
Yl —exp(=K X dpgy) Vo e

= 0, for dl] > dmax, (6)

for which d;; is the distance from the presumed location of
the historical event i to the jth cell, and K is a positive con-
stant controlling the decay rate of the exponential function
with distance. The integration of F;; with distance up to
dmax 18 given by 1, satisfying the nature of the weighting fac-
tor. The maximum distance d,,,, is determined by consider-
ing the spatial distribution of major cities or towns.

The probability of a historical event occurring at a dis-
cretized cell is calculated based on equation (1). The normal-
ized probability Pj; is given by

& ™

max ’
Pi

[ —
Py =

in which P is the greatest probability in all cells. Cells
with normalized probabilities greater than a prescribed value
P are considered to be potential locations of the historical
event. A location is selected randomly from the pool of can-
didate locations as a probable epicenter of the historical
event. The number of candidate locations is affected by the
prescribed value P, implemented. When a large P, is ap-
plied, cells with high probabilities are collected. Thus, the
number of candidate locations decreases with increasing P..

When the instrumental seismicity density is uniform
over the region (i.e., C; = 1), the probability P;; is mainly

oo ©
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Figure 2.
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controlled by the distance-dependent weighting function
F;;. In this case, the highest probability is given to locations
of cities with the most severe damage, and probabilities de-
crease with distance from the most damaged cities. Consid-
ering the instrumental seismicity density, the epicenters of
historical earthquakes may be located in any places within
distances of d,,,, from the most damaged cities. Thus, it is
desirable that the prescribed level of probability P, is deter-
mined to be sufficiently low enough to include all prob-
able cells.

Magnitude Determination

The magnitudes of historical earthquakes are determined
using the seismic intensities at the epicenters (Lee et al.,
1976; Usami, 1979; Lee and Yang, 2006). The epicentral
seismic intensities are calculated from the recorded seismic
intensities in certain cities or towns. The attenuation of seis-
mic intensity as a function of distance in the Sino—Korean
craton is given by (Lee and Kim, 2002)

10=1+1.751n[1+o.59(li—1)}, @®)

0

in which I, is the epicentral seismic intensity in the MMI
scale, I is the MMI seismic intensity at a distance of [,
and [, is the radius of the region with the epicentral seismic
intensity of I, (Fig. 2). Parameter [, varies by 5.2, 6.5, and
9.3 km for I, less than or equal to VIII, IX, and X (Lee and
Kim, 2002).

In this paper, the epicentral seismic intensities (/) are
estimated from the reported seismic intensities at distant
locations (). For unique determination of epicentral seismic
intensities, it is desirable to implement a single intensity—
attenuation relationship. The average value of reference
distances (lp) is 7.0 km, which is implemented into the
intensity—attenuation relationship in this paper. It is notewor-
thy that magnitudes may vary up to £0.3 magnitude units for
different [.
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(a) Intensity / attenuation as a function of distance in the Sino—Korean craton for three reference distances ([, = 5.2, 6.5, and

9.3 km) that vary with the epicentral intensity /,. (b) An enlarged graph for the range marked with a rectangle in (a). A representative
intensity—attenuation curve is designed with implementation of the average value of three reference distances (/, = 7.0 km). The seismic
intensity decreases by 2.47 at a distance of d,,,, (43.8 km) based on the reference intensity—attenuation curve.
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The magnitudes of events are estimated from the epicen-
tral seismic intensities. Several magnitude—intensity relation-
ships have been proposed for the Korean Peninsula (e.g., Lee
and Lee, 2003; Kim, 2012). A recent relationship that has
been developed based on the refined seismicity information
is applied (Kim, 2012):

My = 1.13 + 0.581,, ©)

in which M\ is the local magnitude, and I, is the epicentral
intensity. From equations (8) and (9), a combined relation-
ship between the magnitude (M} ) and observed intensity (/)
for I, = 7.0 km is given by

M; = 0.581 + 1.021n(0.59] + 2.87) — 0.86, (10)

in which [ is the epicentral distance in km.

Data

The source information of 949 instrumentally recorded
earthquakes during 1978-2011 is collected from the Korea
Meteorological Administration and Korea Institute of Geo-
science and Mineral Resources (KIGAM). The event magni-
tudes are 1.7-5.3. The seismic monitoring capability on the
Korean Peninsula has kept increasing. The seismic stations
of KMA are deployed densely and near uniformly over the
southern Korean Peninsula as of December 2012 (Fig. 1a).
The average interstation distance is 20.83 km.

The minimum magnitude M, of an instrumental event
catalog is estimated to ensure the completeness of records
(e.g., Ogata and Katsura, 1993; Wiemer and Wyss, 2000;
Woessner and Wiemer, 2005). The minimum magnitude is
estimated using the Gutenberg—Richter magnitude—frequency
relationship

logN =a—-bxM, (11)
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in which M is magnitude, N is the annual number of events
with magnitudes greater than M, and a and b are constants.
Constants a and b are estimated using the maximum likeli-
hood estimation method (Wiemer and Wyss, 2000). Residuals
between observed and synthetic data are calculated for various
lower bounds of magnitudes (Fig. 3a). Large residuals in low-
magnitude ranges (M < 2.0) suggest incomplete event records
in the catalog (Fig. 3a). Also, large residuals are observed at
large magnitude ranges (M >4.0) due to insufficient large-
size events for stable estimation of the Gutenberg—Richter
constants.

The residuals for minimum magnitudes M ;, of 2.5-3.2
are less than 10%. In this paper, magnitude 2.5 is used as the
minimum magnitude to include the maximum number of
events, 642, enhancing the stability of the analysis. The b
value is determined to be 0.81 for M ,;, of 2.5 (Fig. 3b). The
spatial distribution of earthquakes with magnitudes greater
than 2.5 is close to that of earthquakes with magnitudes
greater than 3.2, suggesting that the collected seismicity dis-
plays complete spatial coverage. This observation is consis-
tent with a previous paper reporting that the earthquakes with
magnitudes greater than 2.3-2.7 are detected completely on
the Korean Peninsula (Sheen and Shin, 2010).

The estimated b value is consistent with previous studies
(Lee et al., 2003; Seo et al., 2010). Also, the estimated b
value is consistent with typical b values in intraplate regions
that are given by 0.7-1.3 (Okal and Sweet, 2007). The
estimated b value and similar seismicity densities suggest
that a 33 year long earthquake catalog may be sufficient for
analysis of spatial variation of seismicity on the Korean
Peninsula.

Historical earthquakes were recorded in various histori-
cal sources including Samgooksagi, Koryosa, and Choseon-
wangjosillog, which were listed by various studies (e.g.,
Wada, 1912; Lee and Yang, 2006). The seismic intensities
and source information of historical events during
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+ logN=3.33-0.81M
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(a) Residuals between the observed magnitude—frequency data of instrumental seismicity and the theoretical variation as a

function of the minimum magnitude (M ;,). The residuals decrease with the increasing similarity between the observed data and theoretical
variation. The residuals generally decrease with increasing minimum magnitude up to M, of 2.7. The residuals vary significantly at
M i, > 3.2, which may be associated with an insufficient number of data. Residuals are found to be less than 10% at M, of 2.5-3.2.
(b) Gutenberg—Richter magnitude (M)—frequency (log N) relationship of instrumental seismicity for M;, 2.5, for which N is the annual
number of events with magnitude equal to or greater than M. Open circles, observed instrumental magnitude data at a magnitude interval of
0.1; solid line, theoretical Gutenberg—Richter magnitude (M)—frequency (log N) line. The Gutenberg—Richter a and b values are determined
to be 3.33 and 0.81.
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2-1904 A.D. are collected from Lee and Yang (2006). The
number of earthquakes during the period of the Three King-
doms is 56, earthquakes during the period of the Unified Silla
is 33, earthquakes during the period of the Koryo dynasty is
158, and earthquakes during the period of the Choseon
dynasty is 1938 (Fig. 4a).

The historical earthquake records during the Choseon
dynasty comprise about 89% of the total historical earth-
quake records. Large-size events with seismic intensities
of VIII to IX are recorded mostly in the periods before the
Choseon dynasty. On the contrary, earthquakes with seismic
intensities greater than IV were recorded well during the
Choseon dynasty (Fig. 4). Thus, we use the historical earth-
quake records during the Choseon dynasty (1392—-1904) for
stable analysis of historical seismicity in this paper.

Process

Construction of Instrumental Seismicity
Density Function

The normalized instrumental seismicity density C; is
calculated from equation (5). The normalized instrumental
seismicity density is used as a probability mass function
in determination of possible event locations. We set ¢ in
equation (3) to be 20 km, which is sufficiently large to cover
possible errors in the reported epicentral locations. Note that
the event catalog presents event locations up to one decimal
place, and ¢ = 20 km corresponds to approximately 2 times
the precision limit of event locations in the event catalog. For
discretized presentation of the instrumental density function,
the study area in 30°~42° N and 120°-132° E is discretized by
uniform cells with a size of 0.1° x 0.1°. The total number of
cells N, is 14,400. The events with magnitudes greater than
M i, 2.5 are used in the analysis. The number of the events
Ni. is 642.

A temporal and spatial window method is applied to
identify possible foreshocks and aftershocks (Uhrhammer,
1986). Seventeen events are identified as plausible after-
shocks of 13 mainshock events, presenting ~1.3 aftershocks
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per mainshock (Table 1). It is known that the magnitude
differences between mainshocks and their largest aftershocks
are ~1.2 magnitude units (Bath, 1965; Helmstetter and Sor-
nette, 2003). However, the magnitudes of events identified as
possible aftershocks are comparable to those of the mainshock
events, suggesting that the identified events may not be actual
aftershocks considering the magnitude differences.

The normalized seismicity densities C; are compared
between the original catalog and the declustered catalog
to examine the influence of possible inclusion of aftershocks
in the event catalog (Fig. 5). The seismicity density functions
are observed to be similar between the two catalogs. This
observation suggests that the possible inclusion of after-
shocks would hardly cause changes in the determination of
candidate locations of historical epicenters for low P.. It is
desirable to use the original full catalog in the analysis con-
sidering both the ambiguity in identification of aftershocks
and their minimal influence on the constructed seismicity
density function. Thus, the original full catalog is applied
in this paper.

The east-central peninsula presents relatively low seis-
micity (Fig. 5a). Also, the seismicity densities present some
localized high values. The highest seismicity is observed on
the northwestern peninsula between 38°-40° N and 125°-
126.5° E. The southeastern offshore, western offshore, and
southern inland regions display high-seismicity densities.
The high-seismicity regions coincide with regions of paleo-
tectonic evolution. It was reported that the paleo-tectonic
structures respond to the ambient stress fields, causing the
occurrence of clustered earthquakes (Choi et al., 2012; Hong
and Choi, 2012).

Calculation of a Distance-Dependent
Weighting Function

The historical records mainly describe seismic damage,
which has an inherent lack of source information, such as
event location. It is generally accepted that event epicenters
may be located closer to the cities with the most severe
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(a) Temporal distribution and seismic intensities of historical earthquakes during 2—-1904 A.D. The number of events during the

Three Kingdoms, Unified Silla, Koryo dynasty, and Choseon dynasty are 56, 33, 158, and 1938, respectively. The seismic intensities are
distributed between 3 and 8.5. Small-to-large-sized historical earthquakes were well documented since 1392 (Choseon dynasty). (b) Histo-
gram for the numbers of records for every 50 year time period. The numbers of records increase rapidly during the Choseon dynasty.
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Table 1
Plausible Aftershocks Identified by a Spatial and Temporal Window Method

D Date (yyyy/mm/dd) Time (UTC) (hh:mm:ss.s) Latitude (°N) Longitude (°E) Magnitude (M)

MoO1 1980/12/01 04:29:57 40.7 127.2 3.5
A 1980/12/01 11:46:13 40.7 127.2 3.0
MO02 1982/08/28 18:18:40 37.2 125.9 4.0
A 1982/08/29 06:29:13 37.1 125.9 33
MO3 1982/08/29 06:34:01 37.1 126.0 35
A 1982/08/31 11:49:46 37.1 126.0 32
Mo04 1985/06/24 21:40:33 37.3 126.4 4.0
A 1985/06/24 22:29:32 37.3 126.4 3.8
A 1985/06/26 08:19:41 37.3 126.4 2.6
MO5 1996/12/13 04:10:16.9 37.25 128.71 4.5
A 1996/12/13 04:27:08 37.3 128.8 3.0
A 1996/12/14 06:17:57 37.3 128.8 2.7
A 1996/12/15 07:20:40 37.2 128.8 2.5
MO6 1997/05/09 12:40:07.1 35.29 126.32 32
A 1997/05/09 12:43:40 352 126.0 3.0
MO7 1997/06/14 23:45:29.9 37.18 126.34 2.8
A 1997/06/15 03:46:37.5 37.18 126.35 2.7
MO8 1999/03/14 11:20:30.6 37.88 130.93 32
A 1999/03/15 07:11:17 375 130.4 2.7
M09 1999/04/07 14:43:19 37.2 128.9 33
A 1999/04/07 15:40:23 37.2 128.9 29
A 1999/04/07 16:09:30 37.2 128.9 2.6
M10 2006/04/28 14:47:55.3 37.56 129.94 3.0
A 2006/04/28 14:54:57.6 37.54 129.93 2.5
Ml11 2008/11/11 12:20:54.7 38.51 125.66 3.0
A 2008/11/11 14:37:56.7 38.49 125.66 2.5
MI12 2008/11/11 12:30:03.6 38.52 125.66 3.0
A 2008/11/11 14:37:56.7 38.49 125.66 2.5
M13 2009/05/01 22:58:28.0 36.56 128.71 4.0
A 2009/05/02 03:28:29.5 36.55 128.70 29

Mainshock events are indicated by M, and their aftershocks by A. The total number of mainshocks is 13.
Single aftershock events are identified for most mainshock events, excepting three mainshock events.

(@) — (b) (c)

full catalog, M>2.5 declustered catalog, M> 2.5 difference (JAC})
40° ~- 40° s 40° - e
38° 38° 38°
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Figure 5. Instrumental seismicity densities C ; on and around the Korean Peninsula based on (a) the full instrumental catalog and (b) a
declustered instrumental catalog in which 17 plausible aftershocks are removed. (c) The differences in seismicity densities between the two
catalogs |AC|| are presented. The greatest difference is 0.151. The differences are less than 0.02 in most regions, suggesting high similarity
between the two seismicity densities. High-seismicity densities are observed in the northwest and southern inland regions, and the western
and southeastern offshore regions. On the other hand, relatively low seismicities are observed in the southern and central inland regions, and
northeastern offshore region.
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damage rather than to the other cities. A distance-dependent
weighting function, probability density function F;;, is intro-
duced in equation (1) to reflect the proximity of actual epi-
centers to the places with the greatest damage.

Large weights are given to locations close to the cities
with the greatest damage, whereas small weights are given to
regions located away from the most damaged cities. Thus,
the chance of being selected as an epicenter decreases with
distance. The decay rate with distance is controlled by K in
equation (6). The decay rate increases with K. When a high
K is applied, large weights are given to regions at near dis-
tances (Fig. 6). On the other hand, comparable weights are
calculated between near and far distances when a low K is
applied. Parameter K is set so that the spatial distribution of
determined historical epicenters resembles the instrumental
seismicity density. A large K can be applicable to cases with
spatially dense distribution of cities, in which the epicenters
are determined to be near the cities with the greatest damage.

The maximum distance d,,,, is determined considering
the geographical distribution of major cities in which local
administrative and military centers (Bu, Daedohobu, and
Mok) are located (National Institute of Korean History,
2007; Fig. 7). The average distance between adjacent cities
dayg is 43.8 km. The maximum distance dp,, for inland
events may not exceed the distances between adjacent cities
because the cities located closer to epicenters may have
greater damage. Thus, the average distance among adjacent
cities d,,, can be applicable for maximum distance in the
analysis of both inland and offshore earthquakes.

Epicentral Intensity and Magnitude

The magnitude is determined using the reported inten-
sities / and epicentral distances from equation (10). The epi-
centers are set to be determined at locations with distances
equal to or less than d,,, (43.8 km) from the most damaged
places in the historical literatures. Thus, the intensity
differences between the determined epicenters and the re-
ported most damaged places (I, — I) are equal to or less than

(@) o.02;

0.016

o)

0.012¢

0.008

Fij (dmax

0.004

0

100
Distance (km)

Figure 6.

Distance-dependent weighting function F;; with (a) dpyax = 00 and (b) dppax
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2.47 (Fig. 2b). Epicentral seismic intensities of 3.0-8.5 cor-
respond to magnitudes of 2.87-7.49 from equation (10).

Determination of K and P,

For a plausible epicentral location of a historical earth-
quake, a cell with normalized probabilities Pj; greater than a
prescribed value P, is randomly selected. Here, the proba-
bilities P} are subject to change with the adopted decay-rate
parameter K in equation (6). The decay-rate parameter K
should be adjusted so that the probabilities P;; can be greater
than P, up to a distance of d,,,, (43.8 km). The prescribed
value P, controls the pool of potential locations of epicen-
ters. Both the decay parameter K and prescribed value P,
are important for the reasonable determination of historical
epicenters.

The epicenters and magnitudes of historical events are
examined for implementation of various sets of P. and K.
The prescribed value P, is set to 0.1, and the decay-rate
parameter K varies from 0.01 to 0.09 with an increment
of 0.04 (Fig. 8). For small K values, the weighting factors
are determined to be comparable with increasing distance
(Fig. 8a). Thus, the probabilities are mainly influenced by
the instrumental seismicity density, yielding similarity in
spatial distribution of epicenters between historical and in-
strumental seismicity (Fig. 1a). On the other hand, for large
K, epicenters are determined at locations close to the cities
with the most severe damage (Fig. 8c). This is because a
large K causes rapid decrease in probability with distance.
Thus, only locations near the places with the most severe
damage are found to have probabilities greater than the pre-
scribed value P..

We now set P, to be 0.1, 0.4, and 0.7, for K of 0.005 and
0.65 (Fig. 9). The number of candidate cells for epicenters
typically decreases with increasing P,.. Thus, the implemen-
tation of a large P, allows us to determine epicentral loca-
tions among limited numbers of candidate cells. The deter-
mination of epicenters can be biased in regions with sparse
distribution of major cities for implementation of a large P,

0.036
0.032 ™
0.028}
0.024 f
0.02
0.016
0.012}
0.008}
0.004 |
0

—
Fj (O = 438 km)

0 10 20 30 40 50 60
Distance (km)

= d,y, (i.e., 43.8 km) for various K values (0.005,

0.01, and 0.02). The horizontal axis is the distance in kilometer between the recorded most damaged location of the ith event and the location
of the jth cell. The decay rate of F;; increases with K. For a large K (K = 0.02), the distance-dependent weighting function has high
probability at short distances. For a small K (K = 0.005), the distance-dependent weights at different distances are determined to be com-
parable. For inland and most coastal earthquakes, d,, is used for dpgy.
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because the probabilities P;; are estimated high naturally at
locations near the cities with the most severe damage. As
small numbers of candidate locations are included in the
pools, epicenters can be determined around particular posi-
tions. On the other hand, the implementation of a small P,
expands the pool of candidate cells, and increases the chan-
ces for far-distant cells to be selected as epicentral locations.
The determined epicentral locations are typically clustered
around high instrumental seismicity density regions when
a small K and a large P. are applied (e.g., K = 0.005,
P. = 0.7; Fig. 9¢).

The spatial distribution of epicenters appears to be close
to the instrumental seismicity for implementation of small K
and P., whereas the epicenters are determined at regions
around the cities with the most severe damage for implemen-
tation of a large K with arbitrary P, (Fig. 9d—f). The obser-
vations suggest that a small P. with a proper decay-rate
parameter K may be needed to reasonably study historical
seismicity.

40°

38°

36°

34°

124° 126° 128° 130°

Figure 7. Map of major cities (Bu, Daedohobu, and Mok) of the
Choseon dynasty. Circles with a radius of dy,, = 43.8 km are plot-
ted around the cities. The number of major cities is 37. The cities are
distributed densely on the southern peninsula, but relatively
sparsely on the northern peninsula. The spatial distribution of
the major cities is similar to that of reported locations with seismic
damage (Fig. 1b).

S. E. Houng and T.-K. Hong

We determine the decay-rate parameter K by examining
the spatial distribution of historical epicenters. To determine
K, we consider a fictitious situation in which two towns are
separated by 14 km in a region (Fig. 10a). The epicentral
locations of 10,000 events are calculated for a case in which
one city has greater damage than does the other city. The
epicentral locations of the events are selected from a
common pool of candidate cells. Similarly, a set of epicentral
locations of events is calculated for the inverse case that the
other city has greater damage. Because the epicenters are de-
termined randomly from the pools of candidate locations, the
selection probability of a certain location in 10,000 epicen-
ters should resemble the background instrumental seismicity
density.

The numbers of events located in the overlapping region
between the two cases are compared. The comparison allows
us to calculate the similarity of seismicity densities between
the two cases. The comparison is conducted for various K
values of 0.005-0.085 with an increment of 0.005 (Fig. 10b).
Similarities of 0.9 or greater are observed at K of 0.04 or less.
The similarities decrease with K in the range of K > 0.04.
The low similarities mean that the determined epicentral lo-
cations agree poorly with the instrumental seismicity, which
violates the theory.

From the analysis, we find that the optimum decay-rate
parameter K is 0.04, which satisfies the assumptions in the
theory and the nature of the probability density function.
Also, we set P, to be 0.1, which is sufficiently small to gen-
erate large pools of candidate cells for epicentral locations.
The small P, allows stable analysis with little sensitivity to
small variations in input parameters for the calculation of
probability P;;.

Validation Test

Repeated occurrence of earthquakes in time and space
has been widely reported (e.g., Nadeau et al., 1995; Wiens
and Snider, 2001; Schaff and Richards, 2004). Earthquakes
occur in weak media, and keep the media weak. Thus, it is
often observed that earthquakes are clustered in certain weak
zones and structures (e.g., Liu and Zoback, 1997; Gangopad-
hyay and Talwani, 2003; Choi et al., 2012; Hong and Choi,
2012), and a long-period correlation between instrumental
and historical earthquakes is well observed (e.g., Musson,
1998).

We verify the idea that the spatial distribution of long-
term seismicity can be represented by that of short-term
instrumental seismicity density. Instrumental seismicity re-
cords for California during 1973-2012 are collected from the
National Earthquake Information Center (NEIC). The catalog
is composed of 22,659 local and regional earthquakes with
magnitudes of 2.0-7.0 and focal depths of 0-71 km. Also,
event information of 478 major earthquakes with magnitudes
of 5.0-8.2 in California during 19062012 is collected from
the International Seismological Center (ISC).
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Figure 8.  Epicenters and magnitudes of historical earthquakes determined from analyses with P, = 0.1 for (a) K = 0.01, (b) 0.04, and
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(c) 0.09. The seismicity determined with a small K (K = 0.01) is observed to be close to the instrumental seismicity with a wide distribution.
On the other hand, the seismicity determined with a large K (K = 0.09) displays similarity to the spatial distribution of the most damaged
locations. The epicentral locations for a large K appear to be more spatially clustered than those for a small K.
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Figure 9. Epicenters and magnitudes of historical earthquakes determined from analyses with (a) K of 0.005 for P, = 0.1, (b) 0.4, and

() 0.7, and with (d) K of 0.065 for P, = 0.1, (e) 0.4, and (f) 0.7. For a small K (K = 0.005), the events become clustered around locations of
high instrumental seismicity densities with increase of P.. On the other hand, for a large K (K = 0.065), events are determined to be near the
reported most damaged locations with increasing P..
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Table 2

Source Information and Reported Maximum Intensities of Three Earthquakes (E1, E2, and E3) in California

ID Date (yyyy/mm/dd)  Time (UTC) (hh:mm:ss)

Latitude (°N)

Longitude (°W)  Magnitude (M,,)  Maximum Intensity (MMI)

El 1992/04/25 18:06:04 40.33
E2 1983/05/03 00:42:00 36.23
E3 1991/06/28 14:43:54 34.26

124.23 72 VIII
120.32 6.5 VIII
118.00 5.7 VIII

Each event was well felt. The seismic intensities are given in the modified Mercalli intensity (MMI) scale.

The instrumental seismicity densities in California are
calculated for three different time periods of 5, 20, and
40 years (Fig. 11). The epicenters of the major earthquakes
during 1906-2012 are plotted over the seismicity density
maps for comparison. The seismicity densities appear to
be very similar among the different time periods. The epicen-
ters of major earthquakes correlate well with high-seismicity
density regions, which is evident even in the 5 year long seis-
micity density map (Fig. 11a). The observation supports the
idea that the spatial distribution of short-term seismicity may
represent that of long-term seismicity.

To test the method of determining epicenters based on
intensity reports, we collect seismic intensity data for three
earthquakes in California from the U.S. Geological Survey
(USGS; Table 2). The method proposed in this paper is ap-
plied to the seismic intensity data, and the probable locations
of the events are determined from the seismic intensity data
and instrumental seismicity density. The hypocentral param-
eters of the instrumentally recorded events are known. The
probable locations of events are compared with the instru-
mentally determined epicenters (Fig. 12). The instrumentally
determined epicentral locations belong to the pools of prob-
able locations in all cases. The observation suggests that the
proposed method infers the epicenters reasonably using the
seismic intensity data and reference seismicity densities.
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Figure 10.
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Analysis of Historical Seismicity

A set of reference epicenters of historical events are cal-
culated with K = 0.04 and P, = 0.1. We calculate 100 sets
of epicenters with different random-number seeds. Three
representative sets are presented in Figure 13. Some changes
in the locations and magnitudes of particular events are
observed. However, the overall features of historical seismic-
ity are found to be nearly consistent among different sets.
The magnitudes of historical events are found to be around
2.87-7.45. The maximum magnitude is greater than the ob-
served instrumental maximum magnitude by about 2.15 in
magnitude units.

We find that the epicenters of many coastal events are
determined to be in offshore regions. Inland events are found
to be clustered around high instrumental seismicity regions.
We find relatively low seismicity on the central Korean
Peninsula. However, historical earthquakes are found to
be clustered around the Seoul metropolitan region (Han-
seong in Choseon dynasty) and suburbs. These earthquakes
may be associated with historical reports on seismic damage
in the capital city, Seoul. The observation suggests that seis-
mic damage in the capital city may be caused by moderate
size or large events at local or near-regional distances.

The Gutenberg—Richter b value of historical events is
determined to be 0.73 on average with standard deviation

0~0,000
0.9 -0-9 e

0.85
0.8
0.75
0.7
0.65
0.6

Similarity

0 0.02 0.04

K

0.06 0.08 0.1

Synthetic test for the determination of optimal K value: (a) map of geometry of two imaginary towns (closed triangles) on the

central peninsula, and (b) variation of similarities with change of K. The two towns are separated by 14 km. The instrumental seismicity
density is presented on the map, and two circles with a radius of d,,, are drawn around the cities. Each town is assumed to be the most
damaged place for a certain event, and the epicentral locations are determined by 10,000 random realizations. The population of determined
epicenters is supposed to be proportional to the instrumental seismicity density. The populations of the determined epicenters in the region
shared by two circles are compared between two results. The similarity of the populations in the shared region is consistently as high as 0.9
for K equal to or less than 0.04, and starts to decrease with increasing K at K > 0.04.
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Figure 11. Gray clouds, seismicity densities of California that are calculated based on earthquake catalogs during (a) 20082012,
(b) 20032012, and (c) 1973-2012. Open circles, major earthquakes with magnitudes greater than or equal to 5.0 since 1906. The seismicity
density maps are observed to be very similar among different time periods. The epicenters of major earthquakes overlap well with
high-seismicity regions. The color version of this figure is available only in the electronic edition.
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Figure 12. Probabilistic locationing of three earthquakes with reported seismic intensities in California using the method introduced in
this paper. (a) Map of stars, instrumentally determined epicenters and triangles, locations of the greatest intensities. Gray areas, probable
locations of events determined by the proposed method for events (b) E1, (c) E2, and (d) E3. The pools of candidate locations include the
instrumentally determined epicenters in all cases.
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Figure 13.  Three sets of epicenters and magnitudes of historical earthquakes determined from analyses with K = 0.04 and P, = 0.1.
The three sets presented are out of 100 sets of results based on different random seeds. Epicentral locations and magnitudes of individual
events are observed to change by random seed. The overall features of seismicity are found to be consistent.
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of 0.02 for M ;, of 5.0, supporting the consistency in overall
features among different sets (Fig. 14). The Gutenberg—
Richter b value of historical seismicity is observed to be
smaller than that of the instrumental seismicity, which is
given as 0.81 (Fig. 3b). The difference may be partly asso-
ciated with possible missing records for some historical
events. Also, the observation suggests that the short history
of instrumental monitoring may be insufficient for inference
of earthquake-occurrence frequencies.

Discussion and Conclusions

Historical earthquake records are a valuable comple-
ment to insufficient instrumental seismicity data. Seismic-
hazard analyses combining both historical and instrumental
earthquake records may be useful, particularly for low-
seismicity regions such as the Korean Peninsula. It is known
that at least 48 devastating earthquakes causing seismic
intensities greater than VIII occurred in this area historically.
Among these devastating earthquakes, 37 events were re-
corded during the Choseon dynasty in 1392-1904. However,
earthquake records in the historical literature mainly focus on
descriptions of seismic damage with a lack of information on
actual magnitudes and epicentral locations. To solve this
problem, we proposed a probabilistic location method to de-
termine the epicenters of historical events.

The probability of potential location is calculated based
on instrumental seismicity and a distance-dependent weight-
ing factor. The epicenters of historical earthquakes are deter-
mined from a pool of probable locations. The magnitudes of
historical events are evaluated for the determined epicenters.
The proposed method was tested with intensity reports for
earthquakes with known source parameters in California.
It was observed that the pools of candidate locations include
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Figure 14. Calculation of Gutenberg—Richter magnitude—

frequency relationship for the historical seismicity based on 100 sets
of magnitude data from analyses with K = 0.04 and P, = 0.1. The
magnitude datasets are found to be consistent with each other. The
minimum magnitude (M ,;,) is determined to be 5.0, which indi-
cates the threshold magnitude for record completeness. The b value
is determined to be 0.73 with standard deviation of 0.02.
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the instrumentally determined epicenters well in all cases,
verifying the algorithm of the method. Also, the consistent
seismicity properties of historical earthquakes among 100
sets suggest the stability of the method. Also, this observa-
tion supports the applicability of the method to probabilistic
analysis of historical seismicity analysis.

From the analysis of historical earthquakes, we find sev-
eral clustered seismicity regions including the northwestern
peninsula (Ongjin basin, Pyeongnam basin), the western
region around the Seoul metropolitan region, the southeast
offshore region beneath the East Sea, and the southern pen-
insula (Okcheon fold belt, Yeongnam massif, Gyeongsang
basin). These historical seismicity features are generally con-
sistent with the instrumental seismicity features. In particu-
lar, events with magnitudes greater than 6.0 are observed
around the regions with high instrumental seismicity. The
maximum magnitude of the historical events is observed
to be 7.45 £ 0.04 from 100 sets of results. The observed
maximum magnitude is greater than the instrumentally ob-
served maximum magnitude by 2.15 magnitude units. Fur-
ther, the Gutenberg—Richter b value of historical seismicity is
estimated to be 0.73 & 0.02, which is smaller than that of
instrumental seismicity (0.81).

The probabilistic analysis of historical seismicity allows
us to reasonably determine the spatial density of historical
seismicity, maximum magnitude, and Gutenberg—Richter b
value. In addition, the method enables us to infer the poten-
tial seismic hazard of earthquakes with long recurrence in-
tervals, which is important information for seismic-hazard
mitigation.

Data and Resources

The seismic source information of instrumental seismic-
ity was collected from the Korea Meteorological Administra-
tion (KMA) using www.kma.go.kr/mini/earthquake/main.jsp
(last accessed August 2012). The source information for
earthquakes in California was collected from the National
Earthquake Information Center (NEIC) and International
Seismological Center (ISC) using www.earthquake.usgs.
gov/regional/neic and www.isc.ac.uk/iscbulletin (last ac-
cessed February 2013). Seismic intensity data for earth-
quakes in California were collected from the U.S.
Geological Survey (USGS) using www.earthquake.usgs.
gov/earthquakes/dyfi (last accessed February 2013).
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