Chapter 19

Real-Time and Fast Retrieve

the Coseismic Wave by GPS,
Strong-Motion Combined Measurements
and Broadcast Ephemeris

Rui Tu

Abstract In this study, we propose an approach of real-time and fast retrieving
the coseismic waves by GPS, strong-motion combined measurements and broad-
cast ephemeris. Firstly, the velocity observation equations and state equations of
the strong-motion measurements are introduced into Precise Point Positioning
(PPP) solution model, the baseline shifts of the strong-motion are real-time esti-
mated as unknown parameters like other positioning parameters by a Kalman
filter. Then, the true velocity wave was retrieved by correcting the estimated
baseline shifts, the true displacement wave was recovered by the velocity inte-
grated displacement after de-trending a linear correction. The series of validation
results have shown that, this method can fast and accurate retrieve the coseismic
wave, the convergence time is smaller than one minute, and the precision are better
than 2 mm/s and 2.5 cm for velocity and displacement respectively.

Keywords GPS and strong-motion combined measurements - Broadcast
ephemeris - Coseismic wave retrieving - Real-time

19.1 Introduction

Strong-motion sensor is a kind of acceleration survey equipment, it with advan-
tages of low-cost and high sensitivity, and is commonly used for earthquake
monitoring and early warning [1-4]. However, it can only provide high-precision
acceleration waves, the velocity and displacement waves are obtained by the
acceleration integration [5-7]. As the tilting and/or rotation and some other rea-
sons, the strong-motion records probably contain baseline shifts, they will be
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further amplified if integrate into velocity or displacement. Currently, many
empirical methods are used for the baseline shift correction [8—12]. But most of
them involve large and unquantifiable uncertainties compare with the geodetic
survey results, and can not be operated in real-time.

With the development of space geodesy technology, especially for the GPS, it
has been an essential measurements for real-time earthquake monitoring and early
warning. The Precise Point Positioning (PPP) and network solution are two basic
solution models to retrieve high precision displacements. However, as the prob-
lems of the GPS system designs and receiver sampling rate, the GPS can only
obtain high precision displacement, the velocity and acceleration are easily pol-
luted by the high-frequency noises [5-7].

How to use the GPS, strong-motion combined measurements and complement
the advantages of each other, make it neither affects by the strong-motion’s
baseline shifts nor affects by the GPS noise pollution and can provide high pre-
cision coseismic information is a hot topic in GPS seismology. Currently, many
researchers have studied an integrated processing of high-rate GPS and strong-
motion records, their researches can be classified into two categories. The first one
is loose integration, it mainly use the high-precision GPS displacement to correct
the baseline shift and recover the coseismic waves, such as [13, 14, 15]. The
second one is tight integration, the coseismic waves are directly estimated by the
GPS and acceleration raw observations, such as [16, 17, 15].

For these integration methods, one important condition is that the GPS obser-
vation must be with high precision. The network solution can provide the rela-
tively displacement with mm precision, but it needs many reference stations for
simultaneous observation and is difficult for real-time operation [13]. The dynamic
PPP technology can provide the absolute displacement with cm precision, but
needs a long time initialization [18, 19]. In additional, the data solution needs high-
precision ephemeris and with poor timeliness.

For the application of earthquake monitoring and early warning, the goals are
not only accurate and reliable, but also are easy for real-time operation and with
high efficient. Based on these backgrounds, this paper propose an approach of real-
time and fast retrieving the coseismic wave by GPS, strong-motion combined
measurements and broadcast ephemeris. Firstly, the velocity observation equations
and state equations of the strong-motion measurements are introduced into the PPP
solution model, the baseline shifts of the strong-motion are real time estimated as
unknown parameters like other positioning parameters by a Kalman filter. Then,
the true velocity wave was retrieved by correcting the estimated baseline shifts, the
true displacement information was retrieved by the velocity integrated displace-
ment after de-trending a linear correction. The experimental and real earthquake
data validation results have shown that, it can fast and accurate retrieve the
coseismic waves.
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19.2 Methodology

The approach is based on GPS, strong-motion combined measurements and
broadcast ephemeris product, the dynamic PPP was used to estimate the baseline
shift while adding the strong-motion observation firstly, then the coseismic wave
was recovered by correcting the baseline shift and de-trending the linear correc-
tion. In this paper, the acceleration records of the strong-motion were firstly
removed the initial baseline shift and integrated into velocity for the combined
solution to recover the coseismic waves.

19.2.1 Mathematical Model

While the GPS using the ionosphere-free observation and consider the strong-
motion’s baseline shifts, the observation equations of the tight integration model
can be written as following.
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where, L. and P. are the observed minus computed phase and pseudorange
observations from satellite to receiver respectively. v and u represent the strong-
motion velocity observation and baseline shift. e is the unit direction vector from
satellite to receiver. m is the wet tropospheric mapping function x, x denotes the
vector of the receiver position and velocity. z,dt,b are the tropospheric zenith
delay, receiver clock and phase ambiguities. € is the measurement noise, its
variances is 8°. k is the epoch number. The error components such as the antenna
center offsets and variations, relativistic effect, tide loading and phase wind-up can
be corrected with the existing methods [20, 21]. The baseline shifts are estimated
as a random walk process, some other parameters like troposphere, receiver clock
and phase ambiguities are treated the same as the traditional PPP.

The state equations for the station movement and baseline shifts are expressed
as follows.
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Fig. 19.1 De-trending the linear correction (a represents the recovered velocity, b represents de-
trending the shift by a linear correction)

where, 7 is the smallest sampling rate of the integrated sensors. wy is the
dynamic  noise; with the expectation E(wy)=0 and variance
Sad Sql 0
D(wy) = %qﬁl tg2l 0 |respectively, g, is the power density of the
0 0 ¢
baseline shift.

With these equations, a Kalman filter can be employed to solve the baseline
shifts and some other parameters [22]. It is emphasized that as the GPS sample rate
usually not matches the strong-motion’s sample rate, so the filter can only be
employed on the GPS sample points, otherwise only for the prediction [23].

19.2.2 De-Trending the Linear Correction

As the broadcast ephemeris with a low precision and the ambiguities and atmo-
sphere parameters can not estimate accurately in a short period, the solved baseline
shift may have a constant bias. It will results in the corrected velocity with a bias,
it is smaller than 2 mm/s and can be negligible for the inversion analysis (shown in
Fig. 19.1a). But it will lead to a large linear trend while integrated into dis-
placement, as shown in Fig. 19.1b (in black). The trend is very stable in a short
period and can be removed easily by a linear correction (in blue), then the
coseismic displacements are recovered (in red).

19.2.3 The Implementation Process of the Combined System

Figure 19.2 shows the implementation flow of the approach. The first step, retrieve
the high-frequency acceleration records from the strong-motion measurements,
and integrated into velocity after remove the initial baseline shifts. The second
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step, estimate the strong-motion’s baseline shift by the tight integration of GPS
raw observation and strong-motion velocity. The third step, recover the true
velocity by correcting the estimated baseline shift and integrated it into raw dis-
placement. The fourth step, de-trend the linear trend correction and recover the
coseismic displacement.

19.3 Validation and Analysis

The following data was used for validation and analysis. The data is processed in a
simulated real-time mode, and the broadcast ephemeris was used for data solution.
The acceleration records of the strong-motion were removed the initial shifts by
the empirical method of [12] firstly, then integrated into velocity time series for the
combined solution.

19.3.1 Analysis of the Experimental Data

Firstly, the experimental dataset which carried out on December 2012 at GFZ was
used for the validation. It contains a platform, which can be slide along a table,
includes a dynamic GPS antenna, and a strong-motion sensor, the details can be
found in [15]. The sampling rates are 50 and 100 Hz for the GPS and the strong-
motion sensor respectively, we simulated eight simulations, the GPS data was
utilized to 1 Hz for the data analysis. In Fig. 19.3, the left side shows the raw
integrated velocity (black) and the estimated baseline shift (red). We can clearly
see that for the eight simulations, they all have large baseline shift and the inte-
grated velocity are seriously polluted. The middle side shows the time series of the
corrected velocity, the velocity was shaken between the zero line when there is no
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Fig. 19.3 The combined results of the eight simulations

movement, comparison to the raw velocity, it is corrected very well. The right side
shows the recovered displacement (in black) and the reference displacement (in
red) which provided by the high-frequency camera with a precision of 3 mm, they
are consistent with each other very well.

19.3.2 Analysis of the Real Earthquake Data

Furthermore, we collected the co-located GPS and seismic data during the El
Mayor-Cucapah earthquake (Mw 7.2, 4 April 2010, 22:40:42 UTC) to estimate the
three-dimensional (3D) baseline shifts and recover the coseismic velocity and
displacement. Four pairs of co-located GPS and strong-motion seismometer are
selected and processed. The GPS station P496, which is located 73 km from the
earthquake epicenter, is co-located with the seismic station 0931 of the Southern
California Seismic Network (SCSN) with a distance of about 10 km. GPS station
P496 located 74 km from the epicenter is about 140 m away from its co-located
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Fig. 19.4 The results of the four combined paries (a, b, ¢, d represents the combined paries of
P494/0931, P496/5058, P500/5054, P744/5028 respectively)

seismic station 5058. GPS station P500 located 63 km from the epicenter is about
3.6 km away from its co-located seismic station 5054. GPS station P744 located
80 km from the epicenter is about 275 m away from its co-located seismic station
5028. The accelerometer data is 200 Hz, and the GPS data is recorded at 5 Hz.
Figure 19.4a—d are the results of the four paris (P494/0931, P496/5058, P500/
5054, P744/5028) in ENU components. The left side are the velocity comparison,
where the reference velocity (red) was provided by the USGS post solution
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Fig. 19.5 a presents the convergence process of the estimated baseline shift, b,c presents the
statics of the convergence time and precision respectively

(http://nsmp.wr.usgs.gov/datasets/20100404_2240.html), we can concluded that
the recovered velocity waves are consistent with the USGS references. The middle
side shows the raw integrated displacement (in black) and the linear correction (in
red). The right side shows the comparison of the de-trend displacement (in black)
and the GPS post solution displacement (in red). The real-time and fast retrieved
displacement are well consistent with the post solutions in horizontal component,
while in vertical component, as the atmosphere error is difficult to process, the
recovered displacement with large uncertainties.

19.3.3 The Analysis of the Convergence and Precision

Figure 19.5 shows the convergence time and the RMS values of the displacement
bias, where the convergence time was statical by the bias of the solved baseline
shift is smaller than 2 mm/s (in Fig. 19.5a, the red color represents the solved
baseline shift, the black color represents the integrated velocity). The camera
recorded movement tracks (the precision is better than 3 mm) were used for the
simulated experimental precision analysis, and for the real earthquake, the GPS
post solution (the precision is better than 1 cm) was used as a reference. From the
Fig. 19.5b, c the average convergence time is 33 s for the combined system, and
the precision of recovered displacement is 2.5 cm, it is much better than the
traditional PPP solutions.

19.4 Conclusions

This paper propose an approach of real-time and fast retrieving the coseismic wave
by GPS, strong-motion combined measurements and broadcast ephemeris. In this
method, the acceleration of the strong-motion was integrated into velocity firstly,
then tightly integrated with the GPS raw observations to estimated the strong-
motion’s baseline shifts, finally the true coseismic wave was recovered by cor-
recting the baseline shifts and removing a linear correction. After introducing the
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algorithms, we make a validation analysis by two different datasets. The series
results have shown that, the baseline shifts of the strong-motion are recognized and
corrected effectively, and high-precision coseismic information is recovered, the
precision are better than 2 mm/s and 2.5 cm for velocity and displacement
respectively. Compare with some other combination methods, this approach not
only has a short convergence time but also can provided high-precision and
broadband displacement, velocity and acceleration waves. Compare with empirical
baseline shift correction methods, which using the empirical double broken line to
correct the velocity, the present method real-time estimated and corrected the
transient baseline shifts, it is more objective and accurate. In additional, the data
solution using the broadcast ephemeris and stand-alone data, it is easy for real-time
application.
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