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determination parameter for the EEW system than Py.

The cumulative absolute absement (CAA) of the 3 s window after P-wave arrival can be used to estimate the mag-
nitude (Mcan) of an earthquake. This method can achieve good results even when only the six stations nearest

to the epicenter are used. The standard deviation between the estimated CAA magnitude (Mcaa) and the moment
magnitude (M,,) is found to be 0.3 when using either 6 or 20 stations. This means that Mca4 can be reliably predicted
using the closest 6 stations. On the other hand, the magnitude (Mpy) derived from P4 using the closest 20 stations
has a standard deviation of 0.4 between the estimated Mpy and M,,. This suggests that CAA is a better magnitude
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Introduction

Earthquake Early Warning (EEW) systems play a cru-
cial role in providing advance alerts before the arrival
of strong ground shaking following a destructive earth-
quake. These systems send out alerts within a few sec-
onds, enabling people to take immediate action and save
lives before the arrival of damaging S-waves. On-site
EEW relies on the initial P-wave signals from a single sta-
tion or a small array to rapidly determine the intensity of
the destructive S-waves. Regional EEW systems, on the
other hand, utilize seismic data from multiple stations
near the epicenter to estimate the earthquake’s intensity,
location, and magnitude. Regional EEW systems offer
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greater accuracy compared to on-site EEW. One of the
key challenges in EEW is the quick and accurate estima-
tion of earthquake magnitude using the early seismic sig-
nals (P-waves) recorded by a limited number of stations
close to the epicenter (Mittal et al. 2022). Traditional
approaches involve analyzing the amplitude and fre-
quency (period) parameters of the initial P-waves for this
purpose (Nakamura 1988; Kanamori 2005; Wu and Zhao
2006). Noteworthy period parameters for rapid magni-
tude estimation include the average period (z.) and the
maximum dominant ground motion period (r;”“x). These
period parameters are employed because the frequency
information conveyed by the initial seconds of P-waves
exhibits high sensitivity to the final magnitude while
being less affected by the attenuation of seismic waves
over distance (Nakamura 1988; Wu and Kanamori 2005a;
Wu et al. 2007; Allen and Kanamori 2003; Yamada and
Mori 2009; Zollo et al. 2010).

Studies have shown that 7, tends to increase with
earthquake size and displays less saturation (Kanamori
2005). However, it should be noted that . is susceptible
to background noise and the rupture process, which can
sometimes lead to inaccuracies in magnitude estimation
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(Yamada and Mori 2009; Ziv 2014). Researchers have
extensively explored the use of these period parameters
for magnitude estimation due to their valuable frequency
information and robustness against distance-dependent
wave attenuation (Nakamura 1988; Wu and Kanamori
2005a; Wu et al. 2007; Allen and Kanamori 2003; Yamada
and Mori 2009; Zollo et al. 2010).

The magnitude of an earthquake can be estimated by
analyzing the peak vertical displacement (P;) observed
in the initial seconds after the arrival of the P-wave. Pre-
vious studies conducted by Wu and Zhao (2006) have
demonstrated a strong correlation between the estimated
P,, obtained from a 3 s window following the P-wave
arrival, and the magnitude estimate (Mp,). Peak ground
velocity (PGV) is considered a reliable indicator of earth-
quake intensity, and it can be estimated from P, using a
regression relationship established by Wu and Kanamori
(2005b, 2008a, 2008b). The magnitude calculations based
on period parameters generally exhibit larger uncertain-
ties compared to amplitude parameters. However, ampli-
tude parameters also suffer from magnitude saturation
issues for larger events (Wu et al. 2006; Hoshiba and
Iwakiri 2011). Therefore, considering both amplitude and
frequency parameters together is deemed effective for
EEW, as highlighted in the work of Hsiao et al. (2009).

Another category of EEW parameters used for magni-
tude estimation is cumulative absolute velocity (CAV),
which is based on integral measurements. Initially intro-
duced by the Electrical Power Research Institute (EPRI
1988) to assess potentially damaging earthquakes for
nuclear power plants, the definition of CAV has been
refined by seismologists over time (e.g., EPRI 1991; Wu
and Teng 2004; Kramer and Mitchell 2006) for use with
ground motion prediction equations and EEW systems.
Successful applications of CAV in the Istanbul EEW sys-
tem were reported by Erdik et al. (2003). Furthermore,
logarithmic CAV calculations have shown good agree-
ment with magnitude (Bose et al. 2008; Alcik et al. 2009).
Various mathematical definitions of CAV parameters
exist for different usage scenarios.

In prior study, Wu and Kanamori (2005a, b) compared
the peak amplitudes of acceleration, velocity, and dis-
placement of the initial P-waves for EEW applications.
It was discerned that the P; exhibited superior perfor-
mance. Subsequently, Wu and Zhao (2006) leveraged
P, for magnitude determination in the EEW system, an
approach that has since been adopted widely (Zollo et al.
2006). Generally, displacement is more effective in cap-
turing low-frequency information compared to velocity
and acceleration. However, P, has its limitations; it only
captures the peak value of the initial P-waves, offering no
additional insight. In contrast, CAV, as defined by EPRI
(1988), provides a more encompassing perspective by
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integrating the absolute value of acceleration, surpassing
mere peak values. Consequently, we explored CAA for
our EEW system, a derivative of the integrals of absolute
values of velocity and displacement, termed cumulative
absolute displacement (CAD) and absement, respectively.

The subsequent studies (Huang and Wu 2021; Chang
and Wu 2022) compared CAV, CAD, CAA, P;, and 7, for
magnitude estimation. The initial CAA demonstrated a
stronger correlation with magnitude compared to other
parameters. The magnitude saturation may still persist
even when utilizing the CAA. These findings motivate
further exploration of estimating earthquake magnitude
based on the initial CAA and investigating the discrep-
ancies between magnitude estimates derived from CAA
and P,.

Data and analysis
This study makes use of 1520 K-net strong motion
records from 76 events with moment magnitudes ranging
from 5.5 to 8.3. The earthquakes that occurred within the
area enclosed by 30-46° N and 129-147° E from January
1996 to May 2021 are selected (Fig. 1a). The K-net strong
motion network is operated by the National Research
Institute for Earth Science and Disaster Resilience
(NIED) in Japan. The network, which consists of over
1,000 seismometers distributed around Japan, is intended
to measure severe ground motion during earthquakes.
The shallow-depth earthquakes are selected for the pre-
sent study. The data are selected based on two criteria.
Firstly, the earthquakes are selected with M,, > 5.5, focal
depth <30 km. To ensure enough station coverage and
prevent P-wave contamination due to the path effect over
a great distance, the screening condition of recording at
10 stations within 50 km from the epicenter is applied.
This criterion, however, excludes large-magnitude earth-
quakes off the coast of Japan and includes moderate-
magnitude inland earthquakes with magnitudes ranging
from 5.5 to 6.4. To include the high-magnitude earth-
quakes, a second screening criterion is applied. In the
second condition, the earthquakes with M,, > 6.5, focal
depth <50 km, and have recorded at 20 stations within a
radius of 200 km are selected (Fig. 1b). For every earth-
quake, only the nearest 20 records are used for analysis.
After removing the average from the original three-
component acceleration waveform, the vertical compo-
nent of the acceleration record was subjected to Allen’s
(1978) automatic wave picking method based on the
ratio of the short-time window signal average value to
the long-time window signal average value. Considering
that some earthquake sequences are relatively complex,
the seismic waveforms of the mainshock and aftershock
may be captured in the same earthquake trace, which will
cause an error in the automatically picked P-wave arrival.
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Fig. 1 aThe location of the instruments used in the present study. b The distribution of earthquake magnitude with hypocentral distance

For the events where the automated picked time does not
match the time of the earthquake (with an allowable dif-
ference of+ 0.5 s), the records are removed manually for
the picking of P-wave arrival.

Following details by Wu and Teng (2004), CAA is
defined as

Tp+i 2
CAA = / \/sz + Dn? + De"dt,

Ty

(1)

where Dv, Dn, and De stand for the vertical, north—south,
and east—west displacement amplitudes, respectively. p
labels the arrival of the P-waves, and i designates the time
interval that follows.

P, is simply the peak value from the vertical displace-
ment after the arrival of the P-waves. Once the CAA and
P, are estimated, Mcaa and Mp, are estimated using the
following regression:

Log(P;) = axlog(R) +b*x M, +c, (2)

Log(CAA) = a *log(R) + bxM,, + ¢, 3)

where R is the hypocentral distance in km.

Results

Getting a reliable earthquake location and magnitude
quickly in the early stages of an earthquake is an essen-
tial challenge in EEW. It is extremely straightforward to
rapidly report the earthquake location using the usual
traditional travel time method. However, immediate and

accurate earthquake magnitude estimation remains an
urgent concern in EEW research, particularly for large
earthquakes.

CAA and P, estimation

In Fig. 2, the distribution of P; and CAA is presented
for different hypocentral distances. It can be observed
that, across all earthquake magnitudes, the P; values are
consistently lower than the corresponding CAA values
(although CAA and P, represent distinct parameters,
a comparison is performed to identify the magnitude
threshold using the two). Higher magnitude earthquakes
(>7.0) are recorded at distances beyond 50 km from the
hypocenter. Within a 50 km range, earthquakes with
magnitudes between 5.0 and 7.0 are observed, and both
CAA and P, values decrease as the hypocentral distance
increases. Notably, there is a larger variation in P; values
compared to CAA values.

In the case of P; values for fitting the trend, a signifi-
cant number of outliers have been identified across dif-
ferent magnitude ranges. This suggests that P; values can
exhibit substantial variability and may not always follow
a consistent pattern with respect to earthquake magni-
tude. Conversely, when examining CAA values, we have
observed a consistent and constant decrease as hypo-
central distance increases. This means that, irrespective
of earthquake magnitude, CAA values tend to exhibit a
predictable decrease with distance from the earthquake
source. This behavior suggests that CAA values are less
susceptible to the influence of outliers and follow a more
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Fig. 2 The variation of P4 (@) and CAA (b) with hypocentral distance for a 3 s window

regular pattern, making them a more stable parameter
in EEW, particularly when assessing the cumulative dis-
placement experienced at varying distances from the
source.

Magnitude estimation using P4

To determine the optimal empirical relationship for
large-magnitude earthquakes in Japan using the Py
parameter from a 3 s window, a dataset comprising 1520
earthquake records from 76 earthquake events is ana-
lyzed. The estimation of Mp, is initially compared with
Mcaq. In previous studies, P, is defined as the maximum
vertical absolute displacement within three seconds fol-
lowing the arrival of the P-wave. Although the value of
P, remains relatively stable within the 3 s window, Huang
and Wu (2021) demonstrated that P; increases as the
time window after the P-wave arrival expands, reaching
its maximum amplitude. This maximum amplitude is not
limited to the 3 s time window.

Table 1 presents the estimation of Mp; using the closest
20 stations, considering five different windows witha 1's
interval. The analysis reveals that when utilizing these 20
stations, the variation between the estimated and actual
magnitude is approximately + 0.43 within the 3 s window
(Fig. 3a).

Magnitude estimation using CAA
The displacement amplitudes of the three seismic com-
ponents are integrated in the time domain after the
P-wave arrival to obtain the CAA values. For each seis-
mic record, CAA is calculated using five different win-
dow lengths at 1 s intervals following the P-wave arrival.
Regression analysis is then conducted using all 76 earth-
quakes, employing the least square method for different
window lengths. The Mcy4 values for each earthquake
are determined by averaging the values from the corre-
sponding stations.

Considering that distant records may experience lower
energy and potential contamination from surrounding

Table 1 The values of constants in Eqgs. (2) and (3) and the relation between Mcas and actual My, Mpg, and actual M,, for different time

windows using 20 stations

Parameter Window(s) Stations a b [ SDE Magnitude

Py 1 20 -1.620 0.637 —2.573 0477 My=Mpq £0.40
2 -1.687 0.584 —1.898 0437 My=Mpq £0.42
3 —-1.749 0.603 —-1.780 0413 My=Mpg £0.43
4 -1.807 0.635 1771 0.391 My=Mpg £042
5 -1.901 0.682 -1.820 0.368 My=Mpg £0.37

CAA 1 20 —1.995 0.761 —2408 0407 My=Mcap £0.31
2 —2.059 0.778 —2.057 0.389 My=Mcas £0.31
3 -2.132 0.773 —-1.658 0373 My=Mcas £0.34
4 —2.181 0.764 -1.326 0.360 My=Mcas +£0.34
5 —2.227 0.756 —-1.049 0.342 My=Mcas £0.33




Wau et al. Geoscience Letters (2023) 10:59

Results from 3 seconds of the initial P waves (Nearest 20 stations)
8.5 4

8.0 1

My = Mpp£0.43 -7

Magnitude(Mgpp)
o o N0~
=} wn =} n
L ) ! L

o
[
L

wu
o
L

(@)

7.0 7.5 8.0

Magnitude(My)

6.5

Results from 3 seconds of the initial P waves (Nearest 6 stations)

My = Mcag+0.33 e

8.0

7.5 A

~
=]
.

Magnitude(Mcaa)
o
w
L

o
o
L

5.5

5.0

(©)

T T T
7.0 7.5 8.0
Magnitude(My)

T
6.5

Page 5 of 7

Results from 3 seconds of the initial P waves (Nearest 20 stations)

My = Mcaa+0.34 e

8.0

7.5 A

7.0

6.5

Magnitude(Mcaa)

6.0

5.5

5.0

7.0 75
Magnitude(My)
Results from the nearest 6 stations

6.0 6.5 8.0

® Magnitude(Mpp)

A Magnitude(Mcaa)
0.40 -

0.38

0.36

Standard deviation error

0.34

0.32 A

(d)

1s 2s 3s 4s 5s
Time windows of the P waves (seconds)

Fig. 3 aThe variation between M,, and Mp, using the nearest 20 stations in the 3 s window, b The variation between M,, and Mca4 using
the nearest 20 stations in the 3 s window, ¢ using the nearest 6 stations, d the standard deviation error for Mpg and Mcaa for different time windows

using 6 stations

noise, it is essential to strike a balance between data accu-
racy and warning time. This study emphasizes the signifi-
cance of estimating magnitude using a reduced number
of stations close to the epicenter. To assess the accuracy,
a comparison is made using data from the nearest six and
twenty stations relative to the epicenter. The comparison
is based on the standard deviation error (SDE).

Estimated magnitude and M,,—Analysis results using
records of 76 earthquakes
Using 20 stations of 76 earthquakes, the coefficients
and constants corresponding to each parameter item in
Egs. (1) and (2) under 5-time windows were obtained
through least squares regression (Table 1). The variations
between the Mca4 of the 76 earthquakes and the M,, are
shown in Table 1, which are used as a reference for the
accuracy of the estimation results.

The results showed that under the 5-time windows,
the standard deviation error reached a statistically low
value with an increase in the time window. Based on the

comparison charts of SDE in Table 1, it can be seen that
there are some differences in the values under each time
window as a whole. By comparing the estimated magni-
tudes derived from P; and CAA with the moment mag-
nitude, some variations are observed between the two
magnitude estimates for 1 s and 2 s windows. With the
increase in window length to 3 s, these variations become
more consistent, measuring at approximately+0.42 for
P,; and £0.34 for CAA. Only in the initial 3 s window,
the SDE value is smaller. Further increasing the win-
dow length to 5 s results in SDE reducing to +0.34 for P,
and +0.33 for CAA. The deviation in estimated magni-
tude and M,,, based on the initial 3 s of data following the
arrival of P-waves, is approximately 0.34, which is within
the acceptable range of + 0.3 in EEW systems. This means
that the magnitude estimated using CAA can provide a
better magnitude estimation.

Figure 3b and Fig. 3c show the comparison of esti-
mated Mcaa using the closest 20 stations and 6 stations
in the initial 3 s window. In Fig. 3d, the depicted SDE
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corresponds to the comparison of the two estimated
magnitudes with the moment magnitude, using data from
six stations. Across different window lengths, the SDE for
the P; magnitude varies between 0.42 and 0.37, while for
CAA, it exhibits a narrower range, spanning from 0.29 to
0.33. In terms of SDE, obtained results using 20 stations
are not better than the results obtained by using only 6
stations. The key point is that the SDE using 20 stations
of 76 earthquakes is not lower than the standard devia-
tion calculated at 6 stations with closer epicentral dis-
tances in the initial 3 s window. Generally, more stations
close to the epicenter will produce reliable results but at
the cost of reduced warning time (Yang et al.2021). How-
ever, looking at the present analysis, the results presented
using 6 stations in the initial 3 s window provide a rea-
sonable magnitude analysis and may be helpful as maxi-
mum warning time can be achieved.

Discussion and conclusions

This study examines the strong ground motion records
of medium and large-magnitude earthquakes obtained
from NIED K-NET. The analysis focuses on two ground
motion parameters: CAA and P,;. The study demon-
strates the effectiveness of using the CAA parameter
directly for magnitude estimation, specifically for earth-
quakes with depths less than 50 km in Japan. All three
components (vertical, horizontal NS, and horizontal EW)
and various time windows following the P-wave arrival
were considered in the analysis. While CAA offers some
advantages, it is essential to recognize that both CAA
and CAV have their specific applications and may be
chosen based on the particular needs of a given study or
analysis. The preference for one over the other depends
on the context, data quality, and the specific objectives
of the analysis. In some cases, it may be beneficial to uti-
lize both CAA and CAV to gain a more comprehensive
understanding of ground motion characteristics. CAA
captures low-frequency information more effectively
than CAV. This can be important for assessing structural
damage or deformation caused by long-duration ground
motion. CAA provides insights into the energy content
of ground motion, which can be valuable for assess-
ing structural response and potential damage. For EEW
systems and post-event assessment, CAA can help in
assessing the actual displacement levels experienced by
structures, aiding in the development of effective mitiga-
tion and response strategies.

The results indicate that employing a larger time
window allows for the inclusion of the S-wave por-
tion in the analysis. However, despite this inclusion,
the calculated magnitude remains in good agreement
with M,,. While using a longer time window may lead
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to improved magnitude estimation, it comes at the
expense of reduced warning time. In this study, CAA
was utilized for magnitude estimation and compared to
P,. It was found that CAA outperforms P; even when
using data from the nearest six stations. As the time
window increases, the standard deviation of Mp; (mag-
nitude estimation using P;) demonstrates a decreas-
ing trend. On the other hand, the standard deviation of
Mcaa (magnitude estimation using CAA) ranges from
0.31 to 0.33 for different time windows ranging from 1
to 5 s, with no significant trend observed as the window
length increases (Fig. 3d). Based on the above results,
the conclusions are summarized as follows:

1. Using 20 stations, the standard deviation error for
Mcaa changes from 0.34 to 0.31 within different win-
dow lengths ranging from 1 to 5 s after the arrival of
the P-wave. The magnitude error between the pre-
dicted and actual magnitude is close to an acceptable
range of+0.3 in EEW operation.

2. Similarly, using 6 stations for Mcaa estimation, the
SDE improves from 0.31 to 0.33 within different win-
dow lengths ranging from 1 to 5 s. The variation in
magnitude estimation using the nearest 6 stations
close to the epicenter in the initial 3 s window is simi-
lar to using 20 stations, i.e., 0.33, but the results hold
promising in terms of improvement in standard devi-
ation error.

3. The estimated magnitude using P, shows a high
variation between the predicted and M, in com-
parison to CAA. The variation in magnitude ranges
from+0.43 to+0.37. For the 3 s window, the varia-
tion is in the order of + 0.43.

By comparing the estimated earthquake magni-
tude using CAA and P, it is found that CAA can be
added as a better magnitude estimation parameter in
the future earthquake early warning system. However,
the magnitude saturation may still exist and need to be
explored in future studies.
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