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Abstract Fast estimates of magnitude and source extent of large earthquakes are fundamental for
disaster mitigation. However, resolving these estimates within 10-20 min after origin time remains
challenging. Here we propose a robust algorithm to resolve magnitude and source length of large
earthquakes using seismic data recorded by regional arrays and global stations. We estimate source length
and source duration by backprojecting seismic array data. Then the source duration and the maximum
amplitude of the teleseismic P wave displacement waveforms are used jointly to estimate magnitude. We
apply this method to 74 shallow earthquakes that occurred within epicentral distances of 30-85° to Hi-net
(2004-2014). The estimated magnitudes are similar to moment magnitudes estimated from W-phase
inversions (U.S. Geological Survey), with standard deviations of 0.14-0.19 depending on the global station
distributions. Application of this method to multiple regional seismic arrays could benefit tsunami warning
systems and emergency response to large global earthquakes.

1. Introduction

Rapid determination of earthquake magnitude is important for estimating the potential for shaking damage
and tsunami hazard. However, because of the complexity of source processes, accurate estimations of the
magnitudes of great earthquakes within minutes after origin time remain a challenge. For example, for the
first few hours following the 2004 M,, 9.1 Sumatra earthquake, seismologists had underestimated its magni-
tude as 8.2-8.5 [Park et al., 2005]. Another example is the 2011 M,, 9.0 Tohoku, Japan earthquake, the mag-
nitude of which was underestimated significantly as M 7.9 for the first 30 min after the origin time, resulting in
the fatal delay of tsunami evacuation in many areas along the east coast of Japan [Hayes et al., 2011].

Local (Richter) magnitude M, body wave magnitude m,, surface wave magnitude M, and moment magni-
tude M,, are four basic magnitude scales commonly used today for measuring earthquake sizes. For
M > = 8.0 earthquakes, the former three magnitude scales become saturated, causing severe underestima-
tion of earthquake size. The M,, scale does not become saturated for earthquakes of any size; therefore, it
can provide an accurate estimate of the size of a large earthquake. However, estimating M,, requires entire
wave trains including P, S, and surface waves, which takes tens of minutes to reach seismic stations at tele-
seismic distances. As body waves are the first signals to arrive at these stations, they are used for the rapid
determination of moment magnitude in several newly developed seismic moment inversion methods. For
example, the National Earthquake Information Center of the U.S. Geological Survey (USGS) implements an
automated fast moment tensor inversion using body waves, which estimates moment magnitudes within
30 min after origin time. Another approach that can offer promising estimate of M,, is W-phase inversion
[Duputel et al., 2011; Kanamori and Rivera, 2008]. Hereafter, all references to M,, mean the moment magnitude
estimated by W-phase inversion (M,,,,).

In addition to methods that involve inversions, other approaches use empirical relations to estimate earth-
quake magnitudes, usually for large earthquakes [e.g., Convers and Newman, 2013; Hara, 2007a; Katsumata
et al., 2013; Lomax and Michelini, 2009; Noda et al., 2016; Tsuboi et al., 1995, 1999]. Their simple implementa-
tion and straightforward calculation made these approaches widely applied by many institutions such as the
Pacific Tsunami Warning Center, Japan Meteorological Agency, and USGS.
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Figure 1. Methodology for determining magnitudes of large earthquakes. Magnitude is estimated by combining (a) max-
imum displacements of global P wave amplitudes and (c) source durations. Here the source duration is estimated by
backprojection analyses using a large regional seismic array. The grid line in Figure 1c shows the cutoff where the rupture
ends. (b) Color circles indicate the local maximums of the stacked energies. Here Ajjis the maximum vertical displacement
of the teleseismic P wave recorded at the ith station for event j, and Ajjis the epicenter distance (km). Parameter T;is
the source duration derived from the backprojections, and N is the number of global stations. The operator log denotes the
decimal logarithm.

Here we develop an approach derived from the method of Hara [2007a] for estimating earthquake magni-
tudes by considering P wave displacements and source durations (Figure 1). In Hara [2007a], source duration
was approximated empirically from the envelope of high-frequency waveforms recorded at teleseismic
distances. A good azimuthal coverage and short scattered coda waves that are generated around stations
are generally desired for correct estimation of source duration. We introduce a backprojection technique
[Wang et al., 2016b] instead to estimate source duration using array data from the high-sensitivity seismo-
graph network (Hi-net) of the National Research Institute for Earth Science and Disaster Prevention (NIED)
in Japan [Okada et al., 2004]. Backprojection has been proven efficient at resolving rupture durations and
source extents of large seismic sources [Fan and Shearer, 2015; Honda and Aoi, 2009; Ishii et al., 2005;
Kennett et al., 2014; Koper et al., 2012; Kriiger and Ohrnberger, 2005; Meng et al., 2011; Okuwaki et al., 2014;
Wang et al., 2016b; Yao et al., 2011; Zhang et al., 2011].

The introduction of backprojection improves the method in two ways. First, the source duration can be deter-
mined accurately by seismic arrays. The duration of envelopes of high-frequency waves are affected
frequently by possibly strong site effects and directivity effects at global stations. Therefore, many stations
with uniform azimuthal distribution were required to acquire good estimates of earthquake magnitudes in
Hara [2007a]. The backprojection method inherently accounts for directivity effects and minimizes the coda
waves generated at individual array stations. Second, the results can be calculated more rapidly. We find that
earthquake magnitudes can be constrained well using determined source durations and a few nearby
stations, meaning data derived from distant stations are not always required.

In this study we propose a reliable algorithm for determining fast and reliable source information of large
shallow seismic events based on real-time data of a dense regional array and global data, for earthquakes that
occur at a distance of roughly 30-85° from the array center. The time required for the estimation is largely
attributable to the traveltime from the hypocenter to the array stations; therefore, we can obtain results
within 6-13 min (plus source duration time) depending on the epicenter distance. This system can offer fast
and robust estimates of the magnitudes and the rupture lengths for large earthquakes. It could prove a
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promising aid for disaster mitigation immediately following a damaging earthquake, especially when dealing
with the tsunami evacuation and emergency response.

2. Methodology

This approach is intended to obtain earthquake source information including magnitude, source length, and
high-frequency energy distribution quickly (within 6-13 min in addition to source duration time) after the
occurrence of a large earthquake 30-85° from the center of a large regional array. The procedure includes
two principal steps: (1) backprojection of waveforms recorded by the regional array and (2) global distribu-
tion of P wave amplitudes.

The backprojection results provide estimates of the spatial source length and the source duration in time.
Combining this source duration with the global P wave amplitudes provides the estimate of
earthquake magnitude.

2.1. Backprojection

We backproject waveforms recorded by a large array to obtain the spatial and temporal distribution of the
energy release within the source area, using the method described in Wang et al. [2016b].

The procedure consists of the following steps.

1. Retrieve real-time P wave waveforms recorded at the vertical component of each station from the data
center of the seismic array.

2. Remove mean, baseline correction, and tapering.

3. Set up a horizontal grid of 60 x 60 points at the depth of the hypocenter, covering an area 3 times that of
the source area as estimated by a scaling law [Wells and Coppersmith, 1994], according to the magnitude
in an earthquake catalog.

4, Align and cross-correlate waveforms to calculate station corrections (e.g., Figure S1 in the supporting
information). The cross correlation is performed between a model waveform recorded around the
center of the array and the other stations. Two frequency bands of 0.05-0.30 and 0.5-2.0 Hz are used
for this analysis, and the lengths of the stacking windows are 20 and 6 s, respectively. Noisy data are
eliminated if the correlation coefficient with the reference waveform is less than 0.4 for both
frequency bands. The number of stations is reduced by setting a minimum distance of 50 km between
stations.

5. Perform a backprojection analysis [Wang et al., 2016b] with the following settings, band-pass filter:
0.5-2.0 Hz, window length: 10 s; and interval between windows: 2 s. Traveltimes are calculated in
advance and stored on a local server using the IASPEI91 model of Kennett and Engdahl [1991].

The backprojection results provide an accurate estimate of rupture length and an energy-time plot, as shown
in the example of Figure 1. The value of the source duration used for the magnitude estimation is determined
based on the energy-time plot of the backprojection results. For each earthquake, we estimate a duration, for
which 90% of the stacked energy has been included, and another duration, for which the amplitude of the
stacked energy is smaller than 0.1 time the maximum stacked energy and 80% of the stacked energy has
been included. We define the shorter of the two durations as the source duration. We compare our deter-
mined source durations (Figure S2 and Table S1) with those obtained by W-phase inversion [Duputel et al.,
2013], Global centroid moment tensor (CMT) inversion [Ekstrom and Nettles, 2015], and energy duration
[Convers and Newman, 2013] (Figure 2). Notice that the source durations derived from W-phase inversion
and Global CMT inversion are approximated by 2 times of the centroid time delays [Duputel et al., 2013].
Source durations determined by the backprojections are similar to those determined by the W-phase and
Global CMT inversions. However, for the 2004 giant Sumatra earthquake, our approach estimates the source
duration as lasting as 472 s. This is consistent with other studies using different methods [Lay et al., 2005; Ni
et al., 2005], and it is 2 times the durations estimated by the W-phase and Global CMT inversions. On average,
the energy durations are longer than our determined duration by a factor of 1.5. Further investigation of
these discrepancies among them would help better understanding of the complexities of seismic sources
and improve the accuracy of magnitude determination.
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We estimate the magnitude of seismic events by combining the maximum displacements of the teleseismic P
waves and the source durations derived from backprojection (Figures S2 and S3). Motivated by Hara [2007b],
we develop an equation as

N, N,

K' =0.53) logA; +0.44 _logA; + 1.01log(duration) + 6.23
i=1 i=1
N, N>

K? =051 logA; — 0.01 _logA; + 1.05log(duration) + 7.89 m
i=1 i=1
Ni*K' 4+ No*K?
My — 18 N2 K2
N1 + N,

where A; is the maximum vertical displacement of the teleseismic P wave recorded at the ith station, and A; is
the epicenter distance (km). Parameters N, and N, represent the number of stations with epicenter distances
of 10-40 and 40-85°, respectively. Throughout this paper, the operator log denotes the decimal logarithm.
Notice that the coefficients for the LogA and Log (duration) are estimated using data in Figures S2 and S3,
which are detailed in section 3.1.2.

The magnitude is estimated by the maximum displacement (D) of the P waves and source time duration (7);
therefore, to distinguish it from M,,, hereafter we call it Mg;.

3. Results for Large Shallow Earthquakes (2004-2014)

We systematically test this approach for earthquakes that occurred from 2004 to 2014 with shallow
depths (up to 60 km). In order to test the applicability of this method fully, we apply the algorithm for
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Figure 3. (a) Locations of earthquakes analyzed in this study. Dashed lines represent the distances to the Hi-net center (black triangle). Color indicates the distance
ranges to the Hi-net center (red, 15-30; yellow, 30-85; purple, 85-100; black, 100-120°). (b) (top) Comparison of M,,, (USGS) and our estimates (M) derived from the
source duration and maximum P wave amplitudes of global stations located at 15-120° from the epicenters. Color indicates distance ranges to the Hi-net center.
Inset histogram shows the frequency content of the differences of magnitudes between M,,, (USGS) and My, for earthquakes that are 30-85° to the Hi-net center.
Number at the top right shows the standard deviation. (bottom) Same as Figure 3b (top) but for magnitudes estimated from source duration (Mg). (c) Comparison of
M,, (USGS) and our estimates (My) derived from source duration and maximum displacement of global stations at a series of distance ranges from the epicenters.
Notice that the parameters used in equation (4) for estimating My are the same as in the Figure 3b (top).

earthquakes that satisfy the following criteria in the USGS catalog: Depth < 60 km, M,, > 7.0, and Distance
(to station N.HMNH) of 15-120°. Although precise rupture patterns for earthquakes with magnitudes as
small as 7.0-7.5 are difficult to resolve by backprojection, we want to assess how the magnitude
determination component of this method works for earthquakes that reach the lower magnitude
threshold. Similarly, earthquakes that are too close to or too far from the Hi-net array are also included
in this analysis.

Figure 3a shows the locations of the 93 earthquakes included in this analysis. Most earthquakes were located
along the Sumatra arc, Cascadia, and California, covering regions where large historical damaging earth-
quakes and/or tsunamis have occurred.
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3.1. Estimating Magnitude

The estimated magnitudes for the 93 earthquakes are compared to M,, (USGS). Figure 3b shows the differ-
ence between My, and M,, for the 93 earthquakes. It shows that My; is a reasonable estimate of M,, and that
the difference has a standard deviation of 0.17 for 74 earthquakes that are 30-85° to the Hi-net center.
3.1.1. Duration Magnitude

We show the difference between a duration magnitude My and M,, to demonstrate the improvement
achieved by adding the global P wave amplitudes in relation to using just the source duration. Following
Ekstrom et al. [1992], the seismic moment can be calculated from the source duration estimated by
backprojection via

Mo = (0.5x10%xT)>. 2

We convert this moment to a magnitude (M) using [Hanks and Kanamori, 1979]

My = ('0192/’0) ~10.73, @3)

which is compared with M,, in Figure 3b (bottom). The differences of Mgq and M,, show a scatter that is larger
than the differences of My, and M,,, as seen in the histogram shown on the right of Figure 3b. The results
show large scatter (>0.5) for earthquakes with magnitude less than 7.5. For great earthquakes (M,, > 8.0),
the uncertainties are mostly less than 0.3 after proper correction, suggesting that source duration might
be appropriate for approximate evaluation of the magnitudes of large earthquakes. However, the 2004 M,,
9.1 Sumatra earthquake was an extreme case that had very long duration, which makes its duration magni-
tude equal to 10.

3.1.2. Magnitude Determined by Duration and Maximum Displacement

Combining source duration and maximum displacement of P waves can offer better estimates for large earth-
quakes. We first use an empirical formula [Hara, 2007a] of

N, N,
j:%Z logA;j + gz logA; + ylog(T;) + 6, ()

where M; is the magnitude of the jth event; A; is the maximum amplitude of the displacement of the P wave
at the ith station, with a distance of A; N; is the number of stations involved in the estimation of Mj; and o, 3, y,
and 0 are parameters to be estimated. Using data from all stations for epicenter distances between 10 and 85°
for the 74 earthquakes, we fit the parameters o, 8, 7, and d as 0.55, 0.67, 1.01, and 5.55, respectively. Our results
suggest that most estimates (Mg,) for earthquakes with distance range of 30-85° from the Hi-net array agree
well with the USGS estimates, with a standard deviation of 0.17, although the deviations for M,, < 7.5 earth-
quakes are larger (Figure 3b, top).

As this method is designed for automated real-time determination of the magnitudes of large earthquakes,
we investigate how the global station distribution affects the final estimates. Using the parameters estimated
above (for equation (4)) and global stations located at different distance ranges for calculating the maximum
displacements of the P waves, we find the overall estimates are not affected greatly by the distance range of
global stations (Figure 3c), suggesting that this approach is robust and that it does not require the inclusion of
data from many global stations. Furthermore, data from the closest station range appear slightly better at
constraining the results than the data derived from more distant stations (Figure 3c), except for an aftershock
(2013/02/06 01:23 M 7.1) of the 2013 M,, 8.0 Solomon earthquake (2013/02/06 01:12), for which the P wave
maximum displacements were distorted by the surface waveforms of the main shock. These tests suggest
that our method can issue reliable and robust estimates under various circumstances with different distribu-
tions of global stations.

We use global data at a series of distance ranges to fit the parameters in equation (4) and find that more
global data do not produce better results than using data from stations within a narrow distance interval
(Table S2). The best estimation model (standard deviation 0.14) is obtained by choosing records within the
epicenter distance interval of [10, 40)°, where parameters a, 5, y, and ¢ are 0.53, 0.44, 1.01, and 6.23,
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Figure 4. (a) Comparison of M,, (USGS) and Mg derived from the source duration and maximum P wave displacements of GSN stations that are 15-120° from the
epicenters using equation (1). Color indicates distance ranges to the Hi-net center (same as Figure 3a). (b) Residuals as function of determined magnitudes, providing
overall evaluation of the trend. (c) Normal quantile-quantile plot, used to verify whether residuals belong to a normal distribution. The horizontal axis gives the

theoretical quantiles of the standard normal distribution, and the vertical axis gives the corresponding quantiles of the standardized residuals. (d) Scale-location plot
of sqrt(|residuals|) as a function of determined values (Mqy).

respectively. These parameters are 0.51, —0.01, 1.05, and 7.89, when using data from the epicenter distance
interval of [40, 85)°. In the latter case, the epicenter distance in equation (4) has almost no contribution to the
estimation of Mg, because the maximum amplitudes of the P wave displacements do not vary in this
epicentral distance range. This is because the relation among the magnitude, P wave amplitude, and
epicenter-station distance is not simply linear or log linear. For example, the P wave amplitude decreases
with epicenter distance of 10 to 40°, but it remains constant or decrease slightly over 40° (Figure S3). To
account for this feature and to pursue optimal equations for the estimations, we use equation (1) instead
of a single set of parameters (e.g., equation (4)), to estimate the magnitudes. The two sets of designed
distance ranges are 10-40 and 40-85°. As shown in Figure 4, the new model shows smaller standard
deviation of 0.16, which can be reduced to 0.14 if only the closest global stations (10-40° to epicenters)
are used. Even for a special case of the 2006 M 7.7 Java tsunami earthquake with long source duration, the
magnitude is accurately estimated.

To evaluate the magnitude variations with elapsed time, we mimic a real-time environment to determine the
magnitudes of all the earthquakes using equation (1) (Figure S4). The determined magnitudes show slight
variation (within £0.2 on average), except for the event (2013/02/06 M 7.1) whose maximum displacements

of direct P waves were contaminated by the main shock.

3.2. Source Length

Case studies suggest that backprojections using a dense regional array are capable of resolving source length
and high-frequency energy radiations of earthquakes with magnitudes larger than or equal to about M,, 7.5
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[Fan and Shearer, 2015; Ishii et al., 2005; Kennett et al., 2014; Koper et al., 2012; Kriiger and Ohrnberger, 2005;
Wang et al., 2016al. It is difficult to accurately resolve rupture areas of major to large earthquakes due to
the effect of array smear [Wang et al., 2016c]. Here we compare the source lengths of the 74 earthquakes
derived from the backprojections with an empirically determined magnitude-length relationship [Wells and
Coppersmith, 1994]. The source lengths are determined by measuring the maximum distances from the
epicenter to the backprojected source locations with normalized amplitudes of equal or larger than 0.3.
Notice that the amplitude threshold used here for measuring duration is higher than the one used for deter-
mining duration, because the spatial locations of the backprojected sources become highly unstable when
the normalized amplitudes drop to 0.3 or smaller. Using the source lengths derived in this study, we obtain
a scaling relationship between magnitude and source length (Figure S5), which is log(l)= —2.614
+0.619 Mag. The standard deviation is 0.4, which is 2 to 3 times larger than the standard deviations of the
magnitude estimations in section 3.1. The large uncertainties are probably caused by the reduced numbers
of seismic stations, resolution of the backprojection method, or variation of the stress drops at the
fault planes.

The source lengths are not constrained well in this study, but the fault layouts and the high-frequency energy
radiation areas appear accurate for M,, > 7.5 earthquakes, as confirmed by several well-studied cases such as
the 2013 M,, 7.7 Pakistan earthquake [Avouac et al., 2014; Wang et al., 2016a]. Our backprojection results show
the rupture migrated to the southwest (Figure S6), which is confirmed by coseismic surface displacements
[Avouac et al., 2014].

4. Timing

We have shown that the magnitude and energy release of large earthquakes can be accurately determined
jointly using a regional array and global data. As the calculations are relatively simple, this process could be
operated automatically, and it could generate results in near-real time. The time required by this system is
largely attributable to the traveltime of the P waves from the hypocenter to the regional array. The maximum
displacement of the P wave can be estimated quickly based on a few teleseismic observations with relatively
close epicenter distances. We show in Figure 3c that there is little distance dependence for global P wave
amplitude data. For shallow (< 60 km) earthquakes, stations located 10, 30, and 90° from the epicenter will
receive P waves at around 3, 6, and 13 min after origin time, respectively. For an earthquake that occurs at
30° to a regional array, this system could issue estimate of the magnitude and distribution of energy release
within 6 min (plus source duration time). This would constitute one of the fastest issuances of reliable results for
earthquake source size and length, which could be applied to tsunami estimation, and emergency response.

5. Discussion

By combining global and regional array data, both the magnitude and the source length of a large shallow
seismic event can be determined automatically in near-real time. One limitation is that backprojection results
are not as reliable for distance greater than 85°. Furthermore, for such earthquakes, it takes longer for the P
wave train to arrive. Hence, multiple regional dense arrays around the world are necessary for monitoring
global earthquakes. Currently, there are a handful of regional networks that are available for this purpose,
such as the dense broadband stations in Europe, China, Australia, and the U.S. With multiple dense stations,
response times could be minimized. For example, the China Array can determine source information within
10 min for large earthquakes (with source duration of less than 4 min) that occur in and around Japan, while it
would take an additional 6 min if U.S. data are used because the greater distance requires more time for the
direct P waves to arrive.

Our method uses data observed at regional to teleseismic distances, which is different from other methods
adopted for the purpose of earthquake early warning using local seismic data [e.g., Allen and Kanamori, 2003;
Katsumata et al., 2013; Noda et al., 2016; Wu and Teng, 2002]. Seismic waves at local distance often drive
broadband seismometers off scale, which can be avoided at regional to teleseismic distances.

As mentioned in section 1, there was an underestimation problem in estimating the magnitude of the 2011
M,, 9.0 Tohoku earthquake. The magnitude was estimated as M 7.9 within the first 30 min. However, 34 min
after the origin time, the USGS issued a magnitude of M,, 8.9 for this event based on W-phase inversion. By
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applying our method to the data recorded at a series of distance ranges by the China Array (http://www.ceic.
ac.cn/), we determine a magnitude of My, = 8.8-9.1, which is a reasonably good estimate in comparison with
other studies [Duputel et al., 2011; Hara, 2011; Hayes, 2011; Nettles et al., 2011; Shao et al., 2011]. Considering
the short distance from the epicenter to the array (Figure S7), the results could have been produced within
6-10 min after the origin time. Other methods, such as the real-time W-phase inversion, require 20 min after
the origin time, although the response time could be expected to reduce to 7 min using regional data
[Duputel et al., 2011].

6. Conclusions

We proposed an algorithm that can automatically determine both the magnitude (My,) and source length of
large shallow earthquakes in near-real time using real-time seismic data recorded by a large regional array,
such as Hi-net in Japan, in conjunction with P wave amplitudes from global stations. We applied this method
to 74 earthquakes that occurred between 2004 and 2014 (M,, 7.0 to M,, 9.2) within 30-85° of Hi-net. The
magnitudes were estimated well with standard deviations of 0.14-0.19, depending on the distributions of
the global stations used in calculating the maximum displacement amplitudes of the P waves. As the results
could be produced within 6-13 min (plus the source duration time), this system could be useful for rapid
tsunami estimation, shaking damage prediction, and possible practical implementation of emergency
response strategies.
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