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Abstract Two empirical magnitude scaling rela-
tionships, predominant period (τmax

p ) and peak
ground displacement (Pd) magnitudes, were in-
vestigated for the first 3 s after P-wave arrivals
using 1,412 vertical waveforms recorded by the
Korea National Seismic Network (KNSN) be-
tween 2001 and 2007. To evaluate the accuracy of
the derived magnitude relationships, we simulated
off-line ElarmS tests using 65 events occurring
inside the KNSN. While the average magnitude
error was ∼0.70 magnitude units when using only
the closest station to the epicentre, the error
dropped to ∼0.62 and ∼0.42 magnitude units
when using the closest two and closest four sta-
tions, respectively. For events ML ≥ 3.0, the aver-
age magnitude error was ∼0.33 and showed stable
values when the closest four stations were avail-
able. Our magnitude scaling relationships may be
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useful for initial work in developing an earth-
quake early warning system in South Korea.

Keywords P wave magnitude · Earthquake early
warning · Earthquake location · Seismic array

1 Introduction

The Korean Peninsula, the southeastern part of
the Sino-Korean Craton, is located between the
Japan and Ryukyu subduction zones and the
northern China plate. Unlike neighbouring re-
gions in China and Japan, where many large
damaging earthquakes have occurred, the Korean
Peninsula has very low earthquake activity
(Giardini et al. 1999). The Korea Meteorological
Administration (KMA) has reported that the
Korean Peninsula experiences approximately 50
seismic events above ML = 2.0/year, and most of
which are less than ML = 4.0. Studies of histori-
cal earthquakes, however, have shown that many
significant, damaging earthquakes (M ≥ 7.0) have
occurred in the Seoul and Pusan regions (Chiu and
Kim 2004; Lee et al. 2003; Lee and Yang 2006),
where more than 20 million people currently live.
The largest earthquake to occur in the Korean
Peninsula during the twentieth century was re-
ported by the State Seismological Bureau, Beijing,
China (Engdahl and Villaseño 2002). The event
occurred on 19 March 1952 at 38.5◦ N, 126.5◦ E,
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with a reported magnitude (MS) of 6.5. Unfortu-
nately, because this earthquake occurred during
the Korean War (1950–1953), no seismic records
were obtained from the Korean Peninsula. Re-
cently, two moderate earthquakes, the Odaesan
event (ML = 4.8, 20 January 2007) and the Uljin
event (ML = 5.2, 20 May 2004), have occurred
(Fig. 1). The epicentre of the Uljin event was
∼80 km away from a nuclear power plant. In ad-
dition, several events akin to ‘earthquake swarms’
were observed in the area during 2006.

The importance of mitigating potential damage
to South Korea’s infrastructure from seismic dis-
turbances has become increasingly important,
especially with the development of nuclear power
facilities, high-speed railways, supercomputer cen-
tres, schools and high-technology centres. Modern
seismometers and real-time telemetric technology
are widely available and have been developed into
earthquake early warning systems used to mitigate
seismic hazards in urban and industrial areas of
California (Allen 2006; Allen et al. 2009; Allen
and Kanamori 2003; Wu et al. 2007; Wurman
et al. 2007), Japan (Horiuchi et al. 2005; Kamigichi

2004), Romania (Wenzel et al. 1999), Taiwan (Wu
and Kanamori 2005a; Wu and Teng 2002; Wu et al.
2006), Turkey (Alcik et al. 2009; Erdik et al. 2003),
Mexico (Espinosa-Aranda et al. 1995) and South-
ern Italy (Olivieri et al. 2008; Zollo et al. 2009).
To reduce the potential damage, a large earth-
quake may inflict upon a nuclear power facility or
high-speed railway, the KMA intends to build an
earthquake early warning system in South Korea.
It is essential that any earthquake early warning
system be able to rapidly determine the size and
location of an earthquake.

2 Data

In South Korea, the switch from analogue to digi-
tal seismic monitoring started in 1998 after the
Youngwol (ML = 4.5) and Kyungju (ML = 4.2)
earthquakes of 1996 and 1997, respectively. Since
then, the KMA has increased the number of seis-
mic stations and upgraded instruments to create
the Korea National Seismic Network (KNSN).
Currently, the KNSN consists of 13 broadband,

Fig. 1 Map of South
Korea showing the
locations of the
earthquakes and seismic
stations used in this study.
Thick and thin lines
represent the national
boundary between North
and South Korea and
province boundaries,
respectively. The
metropolis areas of Seoul
and Pusan are shown by
white polygons. Black
circles indicate the
Odaesan and Uljin
earthquakes, and a
hexagon indicates the
Kangseo event
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31 short-period and 109 accelerometer stations
equipped with Streckeisen STS-1 and STS-2,
Kinemetrics SS-1 and Guralp CMG 40T-1, and
Kinemetrics Episensor accelerographs. Contin-
uous signals are digitized at 100 samples per
second with 24-bit resolution at each station
and transferred to the KMA earthquake moni-
toring division. Generally, waveforms stimulated
from earthquake greater than M = 6 are clipped
off when the epicentral locations are too close
(∼70 km) to seismic stations (Yun et al. 2005).
The KNSN broadband stations are operated with
accelerometers also to avoid the instrumental
saturation on broadband sensors.

The KMA reports an annual earthquake cata-
logue based on the KNSN observations and using
a local magnitude system. We used the digital
waveform data of 300 earthquakes greater than
ML = 2.5 recorded by broadband and accelerom-
eter stations between 2001 and 2007 (Fig. 1). A
total of 1,412 vertical KNSN records were used to
assess the relationships of earthquake magnitude
to the frequency content (τp) and the maximum
amplitude (Pd) within the first 3 s of the first
P-wave arrival. In this study, we grouped the
events into 0.3 magnitude intervals generally cor-
responding to the mean error on local magnitude.
The 0.3 binning procedure averages out azimuthal
effects such as radiation pattern, fault mechanism,
etc. over events in the same magnitude occurring
on different faults (Zollo et al. 2006).

3 Analysis and results

3.1 The relationship of magnitude
and predominant period

Real-time observation of the predominant period
(τmax

p ) has been described by Nakamura (1988)
and has been used to determine earthquake mag-
nitude in ElarmS, the earthquake early warn-
ing system used in California, USA (Allen and
Kanamori 2003; Olson et al. 2005; Allen 2007;
Wurman et al. 2007; Allen et al. 2009). To ob-
tain the magnitude-period scaling relationship for
South Korea, we used broadband and acceleration
data. Acceleration data were integrated to veloc-
ity, and all data were low-pass filtered at 10 Hz

using a recursive filtering method (Kanamori et al.
1999). Then, τmax

p was calculated from a waveform
within 3 s of P-wave arrival using the recursive
relation between the predominant period at time
i(τ P

i ) and the ground motion recorded at time
i (xi): τ P

i = 2π
√

Xi/Di, where Xi is the smoothed
ground velocity squared (Xi = αXi−1 + x2

i ), Di is
the smoothed velocity derivative squared (Di =
αDi−1 + (dx/dt)2

i ), and α is a 1-s smoothing con-
stant for 100 samples per second data (α = 0.95)
(Allen and Kanamori 2003; Allen 2007). The pro-
cedure of integrating waveforms magnified low
frequency noises greater than their actual ampli-
tude, and the τmax

P analysis is sensitive to signal
to noise ratio (Fig. 2). Thus, estimated τmax

P values
are scattered for the events with M ≤ 3.0. Figure 3
shows a plot of individual waveform observations
of τmax

p against ML reported by the KMA along
with the event averages. The τmax

p values from
the single station per event are distributed widely
(grey triangles in Fig. 3), but the average mag-
nitudes of events ML ≥ 3.0 show a linear trend
with ML (stars in Fig. 3). Using the average τmax

p
calculated from the velocity waveforms for the
first 3 s after P-wave arrival, we determined the
linear regression of magnitude against the domi-
nant period τmax

p for South Korea:

log
(
τmax

p

) = 0.156ML + 0.9797 (1)

We determined the magnitude relation from
Eq. 1:

M
(
τmax

p

) = 7.40 log
(
τmax

p

) + 7.25 (2)

The standard deviation of Eq. 1 is 0.11 s which is
converted to ∼0.16 magnitude units. For compar-
ison, the best fit for small (M 3.8–5.0) and large
earthquakes (M 5.0–7.4) in Japan is shown by the
dotted and dashed lines, respectively. Our best-
fit regression line is similar to the relationship
for smaller events in Japan (Lockman and Allen
2007).

3.2 The relationship of magnitude and peak
ground displacement

We used the relationship of P-wave peak ground
displacement (Pd) within the first 3 s of P-wave
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Fig. 2 Example of
strong-motion records.
The event magnitude
is ML = 2.5, and the
epicentral distance is
81 km. Upper trace is raw
data (acceleration trace)
and bottom one shows
integrated velocity
motion. The time window
indicates 3 s from the first
P-wave arrival
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arrival to provide an additional estimate of earth-
quake magnitude. Wu and Kanamori (2005b) sug-
gested that P-wave peak ground velocity (Pv) and
displacement (Pd) contain more long-period en-
ergy than P-wave peak ground acceleration (Pa)
and that Pd in particular shows good correlation
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Fig. 3 The scaling relation between τmax
p and ML magni-

tude for earthquakes in South Korea. Grey triangles repre-
sent estimates for individual stations using the first 3 s of
P-wave arrival. Average values are shown by white stars.
The solid line shows the best-fit linear scaling relationship.
Dotted and dashed lines indicate the respective scaling
relationships derived from small and large earthquakes
occurring in Japan, respectively (Lockman and Allen 2007)

with peak amplitude parameters. The ‘Pd mag-
nitude’ method is used in earthquake warning
systems in California, Taiwan, and Japan to re-
duce the overall magnitude error (e.g., Kamigichi
2004; Wu and Kanamori 2005b; Tsang et al. 2007;
Wurman et al. 2007). Kamigichi (2004) introduced
the following magnitude formula,

log(Pd) = A + B × M + C × log R + D × R (3)

where R is the distance between the station and
the epicentre in kilometres. In Eq. 3, C × logR
and D × R represent amplitude decay corrections
for geometric spreading and the Q effect, respec-
tively. The Q effect is not significant within 200 km
of an event, and D × R can be omitted to reduce
unknowns (Allen 2007). The Pd amplitude also
depends on the P-wave radiation pattern, and a
good azimuthal coverage of Pd observations in the
regression analysis is important. Based on Eq. 3,
we determined a best-fit regression line with a
log(Pd) − log(R) relationship (Fig. 4).

log(Pd) = 0.826ML − 1.256 log(R) − 2.941 ± 0.31

(4)

From Eq. 4, we can estimate the magnitude from
the Pd:

M(Pd) = 1.21 · log(Pd) + 1.52 · log(R) + 3.56

(5)
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Fig. 4 Plot of Pd measurements. The diagonal lines show
the computed linear log(Pd)-log(R) relationship, solid lines
represent magnitude 2.5, 3.5 and 4.5, and dashed lines
indicate magnitude 2, 3, 4 and 5

where Pd is in centimetres. Figure 5 shows a
plot of the relationship between the magnitudes
estimated from individual peak displacement ob-
servations from Eq. 5 and the local magnitudes
reported by the KMA.
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Fig. 5 The scaling relationship between Pd and ML mag-
nitude for earthquakes in South Korea. Each point rep-
resents a magnitude estimated from an individual station
measurement using the first 3 s of P-wave arrival. The solid
line represents a 1:1 relationship between the estimated
magnitude, M(Pd) and observed magnitude, ML

4 Application to ElarmS off-line tests

The primary objective of this study was to estab-
lish magnitude relationships for a real-time early
warning system. For this purpose, and for evaluat-
ing the accuracy of the derived magnitude scaling
relationships, we adapted the ElarmS methodol-
ogy originally designed for an earthquake warning
system in southern and northern California (Allen
and Kanamori 2003; Allen 2007; Tsang et al. 2007;
Wurman et al. 2007). Since the hypocentral depths
of earthquakes occurring inside South Korea are
small and range between ∼2–15 km (KIGAM
2009), we fixed the hypocentral depths at 9 km
and used a 1-D velocity model (Chang and Baag
2006) to determine event locations. The ElarmS
system provides the first earthquake location from
the first station and yields an initial magnitude
estimate 1 s later. Subsequently, earthquake lo-
cation and average magnitude are re-computed
from all available stations every second. Allen
(2007) and Wurman et al. (2007) have provided
detail descriptions of the ElarmS methodology.
The average magnitudes of the τmax

p and Pd scaling
relationships were simulated through ElarmS off-
line tests using 65 events.

Figure 6a shows the variation in magnitude
error versus time for each event. Although mag-
nitude errors fluctuate, most earthquakes showed
stable magnitude errors after 11 s from their origin
time (0 s in Fig. 6a). For events of ML < 3.0,
the maximum and average magnitude errors
between ElarmS simulations and reported mag-
nitude by KMA were 0.85 and 0.29 magnitude
units, respectively (grey lines in Fig. 6). The max-
imum and average errors for events ML ≥ 3.0
were slightly smaller at 0.5 and 0.24 magnitude
units, respectively (black lines in Fig. 6). We also
evaluated the accuracy of the magnitude rela-
tionships according to the number of available
stations. Figure 6b shows that error decreased
as multiple stations were combined to calculate
the average magnitude. The average magnitude
error was ∼0.70 magnitude units when only the
closest station to the epicentre was used. The
error dropped to ∼0.62 and ∼0.42 magnitude
units using data from the closest two and four
stations, respectively. For events of ML ≥ 3.0,
the average magnitude error for was ∼0.33 and
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Fig. 6 Plots of magnitude errors vs. a time (s) from the
event origin time and b the number of stations used to
average magnitude for the first 3 s of P-wave arrival. Grey
and black lines represent events below and above ML =
3.0, respectively. Dotted lines indicate the time at 11 s from
the event origin time (a) and the magnitude error when
using data from four stations (b)

showed stable value when the closest four stations
were used.

5 Discussion and conclusions

The magnitude scaling relationships for τmax
p and

Pd have been developed using the first 3 s of
vertical broadband data after the initial P wave,
collected by the KNSN between 2001 and 2007.
Magnitude estimates using the data from one
station had considerable error. Such error could
be significantly reduced by taking the average
of measurements from several stations. Figure 7
shows a plot of the associated magnitude mea-
sured with the four closest stations to an earth-
quake epicentre versus the network magnitude
(ML). The maximum magnitude errors were 0.5
and 0.8 magnitude units for events bigger and
smaller than ML = 3.0, respectively.

The uncertainty of the event location is a criti-
cal factor in determining a Pd magnitude. KNSN
stations are distributed throughout South Korea
with ∼35 km between any two adjacent stations
that indicate the maximum initial epicentral dis-

tance error can be ∼18 km in ElarmS test. Lancieri
and Zollo (2008) analysed the importance of
earthquake locations for estimating Pd magni-
tude using a probabilistic Bayesian approach, and
showed their probabilistic algorithm is able to
provide a robust estimation of the final magnitude
and can deal with the magnitude saturation effect
for events greater than M = 7. In ElarmS off-
line simulation, our estimated magnitudes taking
average values from the τmax

p and Pd magnitude
relationships have stable magnitudes when four or
more stations are used to determine magnitudes.

Considering the interval of KNSN stations and
events occurring in KNSN, the ElarmS off-line
simulations imply that when using the four closest
stations, P-wave arrival can be detected within
∼6 s for events occurring inside South Korea. In
this study, we have shown that only 3 s of wave-
form data are required to estimate earthquake
magnitude and that the potential telemetry delay
time of the KNSN equipped with Q730, Q4120
and Q330 instruments is ∼3 s. Therefore, we can
estimate a reliable magnitude within 12 s. The
KNSN system was not designed for early warning
purposes, and there are considerable delays in
data processing. However, the KMA keeps adding
new stations to the KNSN, including borehole
broadband stations, and intends to upgrade the
KNSN to serve as an earthquake early warning
system in the near future.
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Fig. 7 Plot of average magnitude estimated with the four
closest stations vs. network magnitude (ML). The dashed
line on the plot represents a 1:1 relationship between the
estimated magnitude and the observed magnitude
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A critical question to ask of this earthquake
early warning system is: can the magnitude re-
lationships derived from smaller earthquakes
(ML 2.5–5.2) in South Korea be extrapolated to
larger events? Previous studies optimized the sen-
sitivity of the relationship between magnitude and
τmax

p using two different sets of low-pass-filtered
data at 10 Hz for M < 5.0 and 3 Hz for M > 4.5
for events in southern California (Allen and
Kanamori 2003) and at 5 Hz for M < 5.0 and 1 Hz
for M ≥ 5.0 for events in Japan (Lockman and
Allen 2007). We attempted to derive the period-
magnitude relationship from the 3 Hz low-pass-
filtered data but could not find an appropriate
relationship for Korean events (ML 2.5–5.2). In
the Pd-magnitude relationship for the network
magnitude (ML), Pd values are generally satu-
rated for large events (M > ∼6.5) (Wu et al.
2006; Zollo et al. 2006; Rydelek and Kim 2010)
because the 3-s window from the first P arrivals
is not sufficient for large earthquakes rupturing
continuously over that time window. In addition,
Rydelek and Kim (2010) compared Va (defined
as the level at which the absolute value of V ≥ Va
for a time duration of at least 0.3 s (Yamamoto
et al. 2008) and peak ground displacement rela-
tionships estimated from small (ML ≤ ∼5.0) and
large earthquakes in Japan (3.5 ≤ MJMA ≤ 7.5).
They showed that the slope of the best-fit lines
determined from small events was similar to that
determined for large events in magnitude scaling
factors but that the values of Va were ∼5 times
smaller for small events than for large ones. The
dissimilarities in the magnitude scaling relation-
ships between small and large events suggest that
extrapolating a magnitude relationship for small
events to large events can result in an under-
estimation of earthquake size and may result in
missed alarms. As a result, our future research
will attempt to calibrate factors that will enable us
to apply our τmax

p and Pd magnitude relationships
to large magnitude earthquakes and improve the
early warning system for large events in South
Korea.
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