
Chapter 36
Integration of GNSS and Seismic Data
for Earthquake Early Warning: A Case
Study on the 2011 Mw 9.0 Tohoku-Oki
Earthquake

Bofeng Guo, Xiaohong Zhang and Xingxing Li

Abstract Earthquake early warning (EEW), which is considered to be a pragmatic
and viable way to reduce the damage and casualties during a large earthquake, relies
on the accurate estimation of broadband displacements and the capability of rapidly
detection of the first arrival wave (P-wave). Real-time high-rate GNSS is a reliable
tool to directly capture displacements including static offsets and dynamic motions
at the near field, which does not suffer from the clip, rotation and tilt problems as the
traditional seismic instrument does. However, due to the large high-frequency noise
and the low sampling rates of GNSS measurements, it is hard to pick up the P-wave
arrival accurately in GNSS-derived displacement history. To overcome this prob-
lem, the combination of high-rate GNSS and collocated accelerometers shows
promise as a more reliable and effective way, because accelerometers perform very
well with high precision in the high-frequency range. In this study, we investigate
the method by using collocated GNSS and accelerometers for EEW. We first
introduce a new approach, namely the temporal point positioning (TPP) method,
which could directly obtain coseismic displacement with a single GNSS receiver in
real-time. The TPP method overcome the convergence problem of precise point
positioning (PPP), and also avoids the integration process of the Variometric
approach. And then we apply a multi-rate Kalman filter to fuse GNSS-derived
coseismic displacement with collocated accelerometer data for attaining integrated
displacements with a high precision and reliability. Finally, we detect the arrival
time of P-wave and determine the earthquake magnitude from the integrated results.
The performance of collocated GNSS and accelerometers is validated using
data from GEONET (1 Hz GPS) and K-NET/KiK-Net (100 Hz accelerometer)
stations, with the collocated distance less than 2 km, in the near field of the Mw 9.0
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Tohoku-Oki earthquake occurred on March 11, 2011. Using the broadband dis-
placements derived by the above method, we detect the arrival time of P-wave with a
mean value 0.15 s offset different from the USGS reference values, and the esti-
mated magnitude is Mw 9.06, which is achievable within 2–3 min after earthquake
initiation.

Keywords Temporal point positioning � Earthquake early warning � Real-time
high-rate GNSS � Accelerometer � Integrated displacement

36.1 Introduction

Earthquake early warning (EEW), which is an effective way for the earthquake
emergency preparedness and earthquake disaster reduction, relies on the capability
of rapidly detection of the first arrival wave (P-wave) and the accurate estimation
of broadband displacements [1, 2]. Traditionally, EEW depends on seismic
instruments [3–5], because broadband seismometers and strong-motion acceler-
ometers measure velocity and acceleration with great accuracy, making them
particularly effective at detecting ground motions [6]. The problem with seismic
instruments is that they are prone to saturation, rotation and tilt during large
earthquakes, and hence the earthquake-induced displacements through single
integration or double integration of the observed waveforms are not reliable in
real-time [7], which leads to underestimation of the earthquake’s true size in the
initial hours, such as the Sumatra earthquake [8] and the Tohoku-Oki earthquake
[9]. Real-time high-rate GNSS, unlike seismic instruments, directly capture sur-
face displacements at the sub-centimeter level with regard to an international
terrestrial reference frame, meaning that they could provide reliable estimates of
displacements during large magnitude events [1, 8]. However, due to the large
high-frequency noise and the low sampling rates of GNSS measurements, it is hard
to pick up the arrival time of P-wave accurately in GNSS-derived displacement
history [10]. The complementary character of GNSS and seismic sensors are well
recognized and the combination of them can be mutually beneficial in both sen-
sitivity and large dynamic displacements [11].

In this study, we first introduce a new approach, namely the temporal point
positioning (TPP) method, which could directly obtain coseismic (static and
dynamic) displacements in real-time with a single GNSS receiver, then we apply a
multi-rate Kalman filter to fuse GNSS-derived coseismic displacement with col-
located accelerometer data for attaining displacements with a high precision and
reliability, and further we detect the arrival time of P-wave, locate the epicenter
and determine the magnitude. Finally, the performance of collocated GNSS and
accelerometers was validated by using data from GEONET (1 Hz GPS) and K-
NET/KiK-Net (100 Hz accelerometer) stations, with the collocated distance less
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than 2 km, in the near field of the Mw 9.0 Tohoku-Oki earthquake occurred on
March 11, 2011.

36.2 Estimation of GNSS Displacements Based on a Single
Receiver

In the seismological applications, the displacement (position variation) of one
station due to an earthquake is more curial information for EEW and source
inversion. Currently, there are two strategies for a single GNSS receiver to obtain
displacements between two appointed epochs. One strategy is that absolute posi-
tion series are firstly calculated based on PPP [12], and then the displacement is
obtained by subtracting one epoch position from the other epoch position [1, 11,
13–16]. The weakness of this approach is a long convergence period of ambiguity
fixing. The other strategy is that velocities are determined at first, and then inte-
grated together from one epoch to another epoch [17, 18]. In contrast with PPP, the
latter one no longer needs a long convergence period since ambiguities are
eliminated using the time difference of phase observations. However, this strategy
has to face a problem that the integration process from velocities to displacements
leads to a serious accumulated drift as long as the velocities contain few biases.

A novel method, namely TPP, is developed by Li et al. [19] to directly estimate
coseismic displacement of one epoch relative to the chosen epoch with known
coordinates. The model can be expressed as [19],

Bs
r;jðt0Þ þ trðt0Þ þ Ts

r ðt0Þ ¼ ls
r;jðt0Þ þ us

rðt0Þ � xðt0Þ þ osðt0Þ þ tsðt0Þ þ Is
r;jðt0Þ

� es
r;jðt0Þ

ð36:1Þ
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rðtnÞ � xðtnÞ � trðtnÞ � Ts

r ðtnÞ ¼ �ls
r;jðtnÞ � tsðtnÞ � osðtnÞ þ Bs

r;jðtnÞ � Is
r;jðtnÞ

þ es
r;jðtnÞ

ð36:2Þ

Bs
r;jðtnÞ ¼ Bs

r;jðt0Þ ð36:3Þ

us
rðtnÞ � xðtnÞ � Dtrðt0; tnÞ ¼ us

rðt0Þ � xðt0Þ � DIs
r;jðt0; tnÞ � Dtsðt0; tnÞ � Dosðt0; tnÞ

� DIs
r;jðt0; tnÞ þ DTs

r;jðt0; tnÞ þ Des
r;jðt0; tnÞ

ð36:4Þ

where, s stands for a satellite, r stands for the GPS receiver, j stands for the
frequency of L1 or L2 carrier phase, lsr;j is ‘‘observed minus computed’’ phase
observations; us

r is the receiver-to-satellite unit direction vector; x denotes receiver
position; os denotes satellite orbit error; Ts

r ; I
s
r;j, denote tropospheric and
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ionospheric delay; ts; tr are satellite and receiver clock errors; Bs
r;j is the real-valued

phase ambiguity; es
r;j are measurement noise of carrier phase.

Equation (36.4) is final model of TPP, which is deduced from Eqs. (36.1) to
(36.3). From the view of positioning, the core of the TPP model is that the
estimated ambiguities Bs

r;j is fixed from the epoch t0 to tn, and the well-known
receiver position xðt0Þ could be determined before the earthquake. With the
satellite ephemeris and a certain prior models aided, all errors in Eq. (36.4) are
corrected. Therefore, the receiver position xðtnÞ can be accurately resolved and the
associated displacement is obtained. From the view of position variation (dis-
placement), Eq. (36.4) is in the same form as the time-differenced equation of
phase observations under the condition that there are no cycle slips in observation
data. After all errors corrected, the displacement of an arbitrary epoch tn with
respect to the chosen epoch t0 could be directly retrieved, which avoids the inte-
gration process of the Variometric approach described in Colosimo et al. [17].
Worth noting that different from the Variometric approach, the TPP method is
based on the known accurate position at the chosen epoch, which is an important
factor for achieving high-accuracy displacements [19].

36.3 Integrated Displacements Using a Kalman Filter

In order to estimate very high-rate accurate and reliable displacements in real time,
a multi-rate Kalman filter to fuse GNSS-derived coseismic displacement with
collocated accelerometer data is applied [10, 20].

In the integrated procedure, the discrete state equation can be expressed as [10],

xk ¼ Uk;k�1xk�1 þ Bk;k�1ak�1 þ wk wk �N 0;Qwkð Þ ð36:5Þ

Uk;k�1 ¼
1 s
0 1

� �
Bk;k�1 ¼ s2=2

s

� �

where xk ¼ dk vk½ �T represents the state vector, Uk;k�1 is a transition matrix, Bk, k-1

is an input matrix, s is the sampling interval of accelerometer. ak-1 is the raw
accelerometer data as the system inputs. wk is the state noise with the covariance
matrix Qwk, which can be expressed as a function of Kalman filter process noise,

Qwk ¼
s3=3 � r2

a s2=2 � r2
a

s2=2 � r2
a s � r2

a

� �
ð36:6Þ

where r2
a is the acceleration variance as a system dynamic noise.
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The observational equation for the Kalman filter can be written as

lk ¼ Akxk þ ek ek�N 0;Rekð Þ ð36:7Þ

Rek ¼
r

sGNSS

where lk represents the observation (here is the GNSS displacement), Ak ¼ 1 0½ �T
is the design matrix, and ek is the observation noise with Rek as its covariance
matrix. The value of Rek is r=sGNSS, r denotes the GNSS displacement noise, and
sGNSS is the GNSS sampling interval.

The integrated results can be solved by the time update of Eq. (36.5) and the
measurement update of Eq. (36.7) through a standard Kalman filter. It is noted that
the time update is executed at every accelerometer sampling, and the measurement
update with GNSS displacement is applied at every GNSS epoch.

36.4 Application to the 2011 Mw 9.0 Tohoku-Oki
Earthquake

The Tohoku-Oki earthquake, occurred at 05:46:39 GPST on 11 March, 2011 in
Japan with the moment magnitude 9.0, are well recorded by both accelerometer
stations and high-rate GPS receivers. Following we will use the data to evaluate
the performance of integrated displacements derived by the proposed method
above.

Figure 36.1 shows a map of collocated GPS and accelerometer stations in the
near-field areas within about 500 km from the epicenter (38.322�N, 142.369�E) as
determined by the U. S. Geological Survey (abbr. USGS). GPS and accelerometer
station pairs are chosen with distance less than 2 km of each other, which are
considered effectively collocated [21]. GPS data are collected from GEONET
stations with 1 Hz sample rate, and 100 Hz accelerometer data of K-Net and KiK-
Net stations are provided by NIED.

36.4.1 TPP Analysis Using Only GPS Data

To evaluate the accuracy of the TPP method, we firstly processed all the GPS data
collected at about 80 collocated stations before the earthquake. The results were
converted to North/East/Up component and were compared with the zero dis-
placement of truth. The TPP displacements of station 0550 for 15 min interval from
05:20:00 to 05:35:00 (GPST) are shown in Fig. 36.2. The red lines are the results,
with consideration of three main error components mentioned in Sect. 36.2, using
precise ephemeris, the ionosphere-free linear combination observation and the
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accurate initial coordinates (PPP_POPC_LC solution). Meanwhile, we draw other
displacements with different processing strategies to reflect the impact of those
errors on TPP displacements. The blue line shows the results using precise
ephemeris, the ionosphere-free linear combination observation and the coordinates
derived from the standard position positioning (SPP) with 0.7 m error for North,
-0.1 m error for East, and 3.0 m error for Up component (SPP_POPC_LC solu-
tion). The black lines show the displacements using broadcast ephemeris, the
ionosphere-free linear combination observation and the SPP-derived initial position
(SPP_BOBC_LC solution). The results in cyan line are obtained by using broadcast
ephemeris, the L1 carrier phase measurement and the SPP-derived initial position
(SPP_BOBC_L1 solution).

From Fig. 36.2, the PPP_POPC_LC solution is close with the zero truth line
with no obvious drift. After 15 min, the displacements are merely -1.0, -0.6, and
2.5 cm for north/east/up components, respectively. Compared with the
PPP_POPC_LC solution, the SPP_POPC_LC solution has a visible drift, and the
drift values for 15 min are 6.6, 22.0, and 18.3 cm in north/east/up component. The
SPP_BOBC_LC solution becomes more fluctuant with long-term variations due to
the imprecise satellite orbit and clock correction, and the biases are several
decimetres in the horizontal and vertical component. The ionospheric delay seems
to be a big error source of TPP displacements, which could lead to about 1 m bias
in the east and up component by comparison of the SPP_BOBC_LC solution and
SPP_BOBC_L1 solution. From all four results, it is demonstrated that the
PPP_POPC_LC solution is the most precise, which satisfies the demands of
seismic monitoring and EEW. Considering that real-time precise orbit and precise
clock corrections are available online via the IGS real-time pilot project, and the

Fig. 36.1 Location of
epicenter of the Tohoku-Oki
earthquake (38.322�N,
142.369�E) and the
distribution map of collocated
GPS and accelerometer
stations. The red star stands
for the epicenter. The blue
circles stand for GPS sites.
The dark yellow triangles
represent accelerometer sites
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accurate site coordinates is usually well known, and thus the PPP_POPC_LC
solution is accessible in real time during an earthquake. Here, we mainly focus on
the PPP_POPC_LC solution in this study.

For the static period, TPP-derived displacements of all 80 sites at one certain
epoch are compared with zero to calculate the root mean squares (RMS) as an
indication of the TPP displacement accuracy. We respectively calculate the RMS
values at different duration time (1, 3, 5, 10 and 15 min). The results are sum-
marized in Table 36.1. The RMSs of the PPP_POPC_LC solution are stable from
1 to 15 min, and the values in north and east are almost within 1 cm, and in up
with 2 cm, which is comparable to the accuracy of PPP after convergence period.

36.4.2 Integrated Displacements Analysis

In order to assess the performance of the integrated displacements, we compare
them with GPS-only results derived from TPP and seismic-only waveforms
derived from double integration of uncorrected acceleration data. As an example,

Fig. 36.2 Displacements of station 0550 (38.3012�N, 141.5009�E) derived from TPP method.
From top to bottom are the results in North/East/Up components

Table 36.1 Root mean squares of the drift errors at about 80 sites

RMS (min) North (cm) East (cm) Up (cm)

15 1.05 0.84 1.92
10 0.92 1.02 1.67
5 0.89 0.78 2.08
3 0.78 0.88 1.75
1 0.68 0.39 1.53
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the nearest station pair is selected, which is K-NET station MYG011 (38.3052�N,
141.5044�E) and the GEONET station 0550 (38.3012�N, 141.5009�E), being
separated by 560 m and located 75.7 km from the epicentre of the Tohoku-Oki
earthquake. We adopt the approach stated in Sect. 39.3 to combine raw 100 Hz
accelerations with 1 Hz TPP-derived displacements. The GPS displacement error
is set to 1.0 cm for north/east and 2.0 cm for up component based on the above
statistical RMS values. The acceleration noise is determined from windows (2–3 s)
of pre-event accelerometer data or introduced from the empirical value, such as the
K-NET acceleration precision is 0.015 cm/s2 [21]. Trifunac and Todorovska [22]
demonstrated the rotation and tilt of accelerometer is a main source of acceleration
noise during shaking, and thus we enlarge the pre-event acceleration noise by
1,000 times when the acceleration record value exceeds a certain times of the
pre-event acceleration precision [10]. In addition, the acceleration changes rapidly
during a large earthquake, and sometimes the change value in the sample interval
(such as 0.01 s) could reach to several cm/s2 [23]. In such case, the system
dynamics variance should be adjusted larger to fit the rapid state change.

Figure 36.3 shows the comparison of the integrated displacements and GPS-
only/seismic-only displacements for the collocated stations MYG011/0550, and
three sub-figures depict displacements for north/east/up components from the left
to right. The uncorrected seismic displacements trace out the dynamic motions,
but the latter portion of displacements drifts with a linear or parabolic trend. GPS-
only solution is not drift in the displacement history and clearly depicts peak
displacements and permanent offsets, which is demonstrated that the GPS-only
displacements are good at low frequency band. However, the discrepancy of GPS-
only displacement from the integrated displacements depicts a high-frequency
noise of GPS-only results because of the low precision of GPS.

Compared to the GPS-only solution, the integrated displacements are remark-
ably improved by acceleration data in aspect of dynamical displacement precision,
which can be used to detect P-wave arrival. We adopt the STA/LTA ratio method
to automatically locate the arrival time of P-wave just as the same as done by Li
et al. [2]. The window length of STA is 0.2 s, the window length of LTA is 2 s,
and meanwhile the threshold of STA/LTA ratio is 10. As an example, Fig. 36.4
shows the first 20 s of the integrated results for station MYG011/0550 in up
component and its corresponding STA/LTA ratio values. It is clearly shown that
the STA/LTA ratio dramatically increases over the pre-set threshold when P-wave
appears, and the detected the arrival time of P-wave is 14.08 s after the origin time.
Meanwhile, we do the same procedure for other four collocated station pairs
(MYG001/0172, MYG003/0914, IWT013/0169, FKS001/0038) with the distance
away the epicenter less than 150 km to obtain the P-wave arrival time, and the
detected results are 17.33, 18.80, 20.01, 21.23 s, respectively, with a mean value
0.15 s offset different from the theoretical P-wave travel times calculated by TauP
Toolkit.
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Fig. 36.3 Comparison of seismic-only, GPS-only, and integrated displacements on the
collocated MYG011 and 0550 stations for 300 s from the origin of the Tohoku-Oki earthquake.
The red line depicts the integrated displacement (100 Hz), the cyan line depicts the uncorrected
seismic-only displacement (100 Hz), the blue dotted line depicts the GPS-only displacement
(1 Hz), and the black dots depict the discrepancy between integrated displacements and GPS-only
displacements

Fig. 36.4 The first 20 s of the integrated velocities in up component on the collocated MYG011/
0550 stations pair from the origin time of the Tohoku-Oki earthquake. The green line shows the
integrated velocities (100 Hz), and the blue dotted line shows the GPS-only velocities (1 Hz).
The black line in the bottom sub-figure is STA/LTA ratio results calculated from integrated
velocities, and the red square point denotes the first arrival time of P-wave
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36.4.3 Magnitude Determination Through Attenuation
Relationships of Peak Broadband Displacement

For the issuing of effective tsunami warnings and emergency response, the rapid
and accurate determination of the earthquake magnitude soon after a great
earthquake is necessary. In order to rapidly determine the magnitude of impending
earthquakes, several magnitude estimation methods based on P-wave have been
developed [4, 24], which are effective for relatively small earthquakes. But for
large earthquakes, they are problematic due to saturation effects [6]. To avoid the
saturation problem, moment magnitude is applied for large earthquake magni-
tudes. However, moment magnitude, based on slip distribution inverted, is difficult
to estimate in real time [25]. Taking into account the above-mentioned consid-
erations, here we adopt the empirical scaling relationship between magnitude and
peak ground displacement (PGD) to estimate the magnitude, which is deduced by
Crowell et al. [26]. The scaling relationship is expressed as a function of moment
magnitude Mw and hypocentral distance R,

log10 PGDð Þ ¼ �5:013þ 1:219Mw � 0:178 � log10 Rð Þ ð36:8Þ

We apply Eq. (36.8) to estimate the expected moment magnitude based on the
integrated displacement results at every accelerometer sampling. Figure 36.5 shows
the magnitude estimates as a function of time after earthquake origin for three
collocated stations pairs. The pair MYG011/0550 station is the nearest from the
earthquake source (source depth is defined as 29 km), the pair FKS013/0211 is
located about 211 km from the source, and another pair KNG011/3065 is about
416.2 km. For the pair MYG011/0550 station, the estimated magnitude becomes
stable at 115 s after the origin time of the earthquake, with a value of Mw 8.88. For
the pair FKS013/0211 station, the final estimated magnitude is Mw 9.12 at 145 s.
And the magnitude determined by the pair KNG011/3065 station could reach Mw
9.16 at 196 s. It is demonstrated that the moment magnitude can be correctly
determined within 2–3 min after earthquake initiation. In Fig. 36.6, the recorded
peak displacements distribute around the reference line, indicating that the attenu-
ation in log of peak displacement is proportional to log of hypocentral distance. The
magnitude estimates from all 80 collocated stations are well within the uncertainties
of the scaling relationship (the uncertainty is 0.224 demonstrated in Crowell et al.
[26]), with a mean magnitude value is 9.06. It is shown that a reliable magnitude is
achievable within 2–3 min using a few near-field collocated stations.
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Fig. 36.5 Magnitude estimates after earthquake origin for the Tohoku-Oki earthquake. The top
sub-figure is the 3D displacement waveform for three collocated stations pairs MYG011/0550
(blue), FKS013/0211 (red), and KNG011/3065 (green). The solid line represents the real
displacement, and the dot line denotes the peak displacement up to the current

Fig. 36.6 Relation between peak 3D displacement and hypocentral distance. The black line
represents the reference value (Mw 9.0) calculated by Eq. (36.8) with one standard deviation of
0.224 in red line (Mw 9.224) and cyan line (Mw 8.776). The recorded displacements of
collocated stations (blue dots) scatter around the expected line of Mw 9.0
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36.5 Conclusions

This study investigates the joint use of the collocated GNSS and acceleration data
for earthquake early warning. The performance was validated based on the col-
located GPS and acceleration data collected during the 2011 Tohoku-Oki earth-
quake, and here comes some conclusion as follows,

(1) The TPP method is a quite suitable way for obtaining coseismic dis-
placement with a single GNSS receiver in real-time, which overcomes the
convergence problem of PPP and avoids the integration process for the
velocity estimation approach.

(2) The accuracy of TPP solution by using the precise satellite ephemeris, the
ionosphere-free linear combination observation and the accurate initial
coordinates are 1 cm in north and east component, and 2 cm in up com-
ponent during a few to tens of minutes.

(3) A more accurate and reliable broadband displacement could be obtained by
a multi-rate Kalman filter, which provides the full spectrum of the seismic
motion. It is noteworthy that the acceleration noise as a system process
noise should be adjusted larger to fit the rapid state change with consid-
eration of the station dynamic status during shaking period.

(4) Based on the broadband displacements, the arrival time of P-wave can be
picked up accurately with a mean value 0.15 s offset, and the magnitude for
large earthquake could be estimated robustly and rapidly. For the Tohoku-
Oki earthquake, the estimated magnitude is Mw 9.06, which can be
determined within 2–3 min after earthquake initiation.
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