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Abstract: With the rapid development of the global navigation satellite system (GNSS), high-rate
GNSS has been widely used for high-precision GNSS coseismic displacement retrieval. In recent
decades, relative positioning (RP) and precise point positioning (PPP) are mainly adopted to retrieve
coseismic displacements. However, RP can only obtain relative coseismic displacements with respect
to a reference station, which might be subject to quaking during a large seismic event. While PPP
needs a long (re)convergence period of tens of minutes. There is no convergence time needed in
the variometric approach for displacements analysis standalone engine (VADASE) but the derived
displacements are accompanied by a drift. Temporal point positioning (TPP) method adopts temporal-
differenced ionosphere-free phase measurements between a reference epoch and the current epoch,
and there is almost no drift in the displacement derived from TPP method. Nevertheless, the precise
orbit and clock products should be applied in the TPP method. The studies in recent years are almost
based on the postprocessing precise orbits and clocks or simulated real-time products. Since 2013,
international GNSS service (IGS) has been providing an open-access real-time service (RTS), which
consists of orbit, clock and other corrections. In this contribution, we evaluated the performance of
real-time coseismic displacement retrieval based on TPP method with IGS RTS correction products.
At first, the real-time precise orbit and clock offsets are derived from the RTS correction products.
Then, the temporal-differenced ionosphere-free (IF) combinations are formed and adopted as the
TPP measurements. By applying real-time precise orbit and clock offsets, the coseismic displacement
can be real-timely retrieved based on TPP measurements. To evaluate the accuracy, two experiments
including a stationary experiment and an application to an earthquake event were carried out. The
former gives an accuracy of 1.8 cm in the horizontal direction and 4.1 cm in the vertical direction
during the whole period of 15-min. The latter gives an accuracy of 1.2 cm and 2.4 cm in the horizontal
and vertical components, respectively.

Keywords: IGS RTS; high-rate GNSS; coseismic displacement; TPP

1. Introduction

With the rapid development of the global navigation satellite system (GNSS), high-
rate GNSS has been widely used for seismology in the past two decades [1–3]. Based
on retrieved high-precision GNSS coseismic displacements, earthquake magnitude and
finite fault slip can be accurately estimated, and they can be further used for rapid hazard
assessment and earthquake early warning (EEW) [4–9].

Relative positioning (RP) and precise point positioning (PPP) are mainly adopted to
retrieve coseismic displacements [10]. RP technique is able to achieve 1–2 cm positioning
accuracy and it is widely applied to record strong ground motion for further centroid
moment tensor determination [11], fault model estimation [12] and early warning [13–15].
However, it only derives relative coseismic displacements with respect to a reference station,
which might be subject to quaking during a large seismic event. PPP technique provides
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absolute coseismic displacements under a global reference frame without requiring a
local GNSS reference station [16–19]. Nevertheless, it has limited accuracy because of
unresolved integer-cycle ambiguities [20]. In recent years, precise point positioning with
ambiguity resolution (PPP-AR) has been developed to improve the positioning accuracy
of PPP method [21–23]. It can provide comparable accuracy as that of RP technique by
applying precise orbit, clock, uncalibrated phase delay (UPD) or fractional cycle bias (FCB)
products [24,25]. However, the limitation of PPP-AR is that a long (re)convergence period
of tens of minutes is needed. The accuracy of the PPP-derived/PPP-AR-derived coseismic
displacement might be decreased when an earthquake happens by coincidence during the
PPP/PPP-AR (re)convergence period [26].

In 2011, Colosimo et al. proposed variometric approach for displacement analysis
standalone engine (VADASE) [27]. Based on epoch-differenced carrier phase observations
and broadcast ephemeris, the changes of positions are estimated by employing least-square
(LS) estimation in the VADASE method [28,29]. Coseismic displacements are obtained
by a single integration of the changes of positions. Compared with PPP technique, there
is no convergence time needed in the VADASE method but the derived displacements
are accompanied by a drift due to potential uncompensated errors [30,31]. Branzanti
et al. assumed that the drift could be effective eliminated within a few minutes by using
a linear trend removal [32]. Hung et al. applied modified sidereal filtering and spatial
filtering to decrease the drift trend [33,34]. However, these existing detrending methods
need to use postprocessed preseismic and coseismic displacements to calculate linear and
nonlinear trend terms. Therefore, they cannot meet the demand of real-time coseismic
displacement retrieval.

In order to remove the drift in the displacement obtained by VADASE method, Li
et al. and Guo et al. presented a temporal point positioning (TPP) method [35,36]. In-
stead of differencing carrier phase measurements between adjacent epochs in the VADASE
method, TPP method adopts temporal-differenced measurements between a reference
epoch and the current epoch, and there is almost no drift in the displacement derived from
TPP method [37]. Chen et al. retrieved the coseismic displacements of the Illapel Mw
8.3 earthquake and the Manila Trench Mw 8.0 earthquake with TPP method and found
the accuracy of retrieved coseismic displacements with GPS/GLONASS and GPS/BDS
observations was significantly better than that derived with GPS-only measurements [38,39].
Nevertheless, the precise orbit and clock products should be adopted in the TPP method.
The studies above are almost based on the postprocessing precise orbits and clocks or
simulated real-time products.

To meet the growing demands of real-time precise applications, international GNSS
service (IGS) has been providing an open-access real-time service (RTS) since 2013, which
consists of orbit, clock and other corrections. The RTS correction products are formatted
into state space representation (SSR) messages according to the standard of Radio Technical
Commission for Maritime Services (RTCM) [40]. It is transmitted over the internet based on
the Networked Transport of RTCM via Internet Protocol (NTRIP) [41]. In spite of numerous
studies to evaluate the performance of real-time PPP with RTS correction products [42–46],
there are few studies, to our knowledge, devoted to real-time coseismic displacement
retrieval based on TPP method with RTS correction products.

In this contribution, we evaluated the performance of real-time coseismic displacement
retrieval based on TPP method with RTS correction products. At first, we derived the
real-time precise orbit and clock offsets from the RTS correction products. Then, the
temporal-differenced ionosphere-free (IF) combinations are formed and adopted as the
TPP measurements. By applying real-time precise orbit and clock offsets, the coseismic
displacement can be real-timely retrieved based on TPP measurements. To evaluate the
performance of coseismic displacement derived from TPP method based on IGS RTS
correction products, the 1 Hz GPS data obtained from 33 IGS stations were collected and
the displacements were obtained based on TPP method with Centre National d’Etudes
Spatiales (CNES) real-time correction products. The accuracies of obtained displacements
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were assessed. As comparison, we also calculated two displacement results based on TPP
method with final products obtained from the Center of Orbit Determination in Europe
(CODE) and VADASE method with broadcast ephemeris. In addition, an application to
capture coseismic waveform of 2016 Mw 7.8 Kaikōura earthquake was further conducted.
The accuracies of the real-time retrieved coseismic displacements were validated with the
displacements derived from postprocessed PPP method as references.

The rest of the paper is organized as follows. In Section 2, the recovery of precise
orbit and clock offset with RTS corrections is introduced. The coseismic displacement
retrieval method is discussed in detail. In Section 3, the performance is evaluated with
high-rate GNSS data collected from stationary stations and real Kaikōura earthquake event.
Conclusions are summarized in the last section.

2. Methods
2.1. Recovery of Precise Orbit and Clock Offset with IGS RTS Correction Products

As mentioned above, IGS RTS corrections are formatted into SSR messages. The
SSR orbit correction message contains the parameters for orbit corrections in the radial,
along-track and cross-track directions δOr, δOa, δOc and their velocities δ

.
Or, δ

.
Oa, δ

.
Oc at

the SR epoch time. The orbit corrections in the radial, along-track and cross-track directions
can be calculated as follows [40]

δO =

 δOr
δOa
δOc

+

 δ
.

Or

δ
.

Oa

δ
.

Oc

(t − t0) (1)

where t and t0 are the current and reference time, and the reference time is computed from
the SSR epoch time plus half of the SSR update interval.

As shown in Figure 1, the corrected precise satellite position Xs
prec(t) in the Earth-

center-Earth-fixed (ECEF) frame can be expressed as [40,47]

Xs
prec(t) = Xs

brdc(t) + [er, ea, ec]δO (2)

and 
ea =

.
X

s
brdc(t)∣∣∣ .

X
s
brdc(t)

∣∣∣
ec =

Xs
brdc(t)×

.
X

s
brdc(t)∣∣∣Xs

brdc(t)×
.

X
s
brdc(t)

∣∣∣
er = ea × ec

(3)

where Xs
brdc(t) and

.
X

s
brdc(t) are satellite position and velocity computed with the broad-

cast ephemeris.
SSR clock correction message is streamed in the form of polynomial coefficients a0, a1

and a2. The clock correction at the time of t can be expressed as [40]

δC = a0 + a1(t − t0) + a2(t − t0)
2 (4)

The corrected precise satellite clock offset dts
prec(t) can be computed as [40,48]

dts
prec(t) = dts

brdc(t) + δC
c (5)

where dts
brdc(t) is the satellite clock offset at the time of t computed with the broadcast

ephemeris, c represent the speed of light.
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Figure 1. The geometry sketch of real-time precise orbits recovered from IGS RTS correction products.

2.2. Real-Time Coseismic Displacement Retrieval Method Based on Real-Time Precise Orbits and
Clock Offsets

The GNSS raw phase measurement reads as [49,50]

Lj = ρ + c · δtr − c · δts + T − κj · I + λj · Nj + br,j − bs
j + εLj (6)

where the subscript j represents the carrier frequency number; ρ is the geometric distance
between the satellite and receiver; c denotes the speed of light; δtr and δts are clock offsets
at the receiver- and satellite-end; T denotes tropospheric delay along the path; I denotes
the ionospheric delay for the first carrier frequency and κj = f 2

1 / f 2
j is the ionospheric scalar

factor for jth carrier frequency with a frequency value of f j; λj is the wavelength and Nj is
the integer ambiguity; br,j and bs

j represent receiver- and satellite-dependent uncalibrated
phase delays; εLj is the measurement noise including thermal and multipath. Although not
mentioned in the GNSS raw phase measurement, the other corrections including Sagnac
effect, satellite/receiver antenna phase center offset (PCO) and phase center variation
(PCV) [51], special relativistic effect and Shapiro time delay [52], phase windup effect [53]
and site displacements causing by the influence of solid tide, ocean loading and pole
tide [54], are defaulted to be precisely corrected by applying corresponding models.

The IF phase combination measurement equation is expressed as [10,50]

LIF = a · L1 + (1 − α) · L2 = ρ + c · δtr − c · δts + λIF · NIF + T + εLIF (7)

where α = f 2
1 /
(

f 2
1 − f 2

2
)
; λIF · NIF = α ·

(
br,1 − bs

1 + λ1N1
)
+ (1 − α) · (br,2 − bs

2 + λ2N2)
denotes ionosphere-free ambiguity; ε IF = α · ε1 + (1 − α) · ε2 is measurement noise of the
ionosphere-free phase combination.

TPP method obtains the displacement of a single receiver by employing the temporal-
differenced IF measurements [35–38], as depicted in Figure 2. If the GNSS raw observations
are continuous, the real-valued ambiguities NIF can be deemed as constants, which is
eliminated through the temporal-differenced operation [35,37]. Meanwhile, if the meteo-
rological condition does not change abruptly in a few minutes, the residual part of T is
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limited to centimeter-level after being corrected with a priori tropospheric delay model [55].
As a result, the temporal-differenced IF measurement equation can be expressed as follows

∆LIF = LIF(ki)− LIF(k0) = ∆ρ + c · ∆δtr + ∆εLIF (8)

where ki represents the ith (i = 0, 1, · · · , n) sampling epoch of GNSS raw observations; ∆
denotes the difference operator between the epoch k0 and the epoch ki; ∆LIF represents
the temporal-differenced IF measurement; ∆ρ denotes the temporal-differenced geometric
distance between the satellite and receiver; ∆δtr stands for the temporal differenced receiver
clock offset; ∆εLIF represents the temporal-differenced IF measurement noise.

Sensors 2021, 21, x FOR PEER REVIEW 5 of 17 
 

 

ܶ is limited to centimeter-level after being corrected with a priori tropospheric delay 
model [55]. As a result, the temporal-differenced IF measurement equation can be ex-
pressed as follows Δܮூி = ூி(݇௜)ܮ − ூி(݇଴)ܮ = Δߩ + ܿ ⋅ Δݐߜ௥ + Δߝ௅಺ಷ  (8)

where ݇௜ represents the ݅th (݅ = 0,1, ⋯ , ݊) sampling epoch of GNSS raw observations; Δ denotes the difference operator between the epoch ݇଴ and the epoch ݇௜; ܮ߂ூி repre-
sents the temporal-differenced IF measurement; Δߩ denotes the temporal-differenced ge-
ometric distance between the satellite and receiver; Δݐߜ௥ stands for the temporal differ-
enced receiver clock offset; Δߝ௅಺ಷ  represents the temporal-differenced IF measurement 
noise. 

kn-1

kn

∆X(k0,k1)

∆X(k0,kn-1)

 
Figure 2. The sketch of real-time displacement retrieval method with real-time precise orbits and 
clocks. 

After applying the real-time precise orbits and clock offsets derived from RTS correc-
tion products, the temporal-differenced IF measurement equation can be linearized as fol-
lows Δ݈ூி = ࢋ− ⋅ ࢄ∆ − ࢋ∆ ⋅ (଴݇)ࢄ + ܿ ⋅ Δݐߜ௥ + Δߝ௅಺ಷ  (9)

where Δ݈ூி  denotes the observed-minus-computed temporal-differenced IF measure-
ment residuals; ࢋ denotes the unit vector of the direction from receiver to satellite at the 
current epoch ݇௜ and ∆ࢄ presents the position increment with respect to the reference 
epoch; ∆ࢋ stands for the change of the line-of-sight vector and ࢄ(݇଴) is the position at 
the reference epoch, which can be obtained through routinely postprocessing RP or PPP 
day by day. The unknowns only include the position increment ∆ࢄ and the receiver clock 
bias of ݐߜ߂௥ and they can be estimated by least-square (LS) method. 

The whole procedure of TPP method based on RTS correction products is displayed 
in Figure 3. At first, we employ epoch-differenced geometry free (GF) combinations to 
detect cycle-slips. Once there are cycle-slips detected, epoch-differenced pseudorange and 
phase observations are used to estimate a float solution of the cycle-slips, and then the 
LAMBDA method is further adopted to obtain an integer solution [56,57]. The integer 
cycle-slips are accumulated from the reference epoch to the current epoch. The temporal-
differenced IF measurement is corrected with the accumulated integer cycle-slip values. 
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After applying the real-time precise orbits and clock offsets derived from RTS cor-
rection products, the temporal-differenced IF measurement equation can be linearized
as follows

∆lIF = −e · ∆X − ∆e · X(k0) + c · ∆δtr + ∆εLIF (9)

where ∆lIF denotes the observed-minus-computed temporal-differenced IF measurement
residuals; e denotes the unit vector of the direction from receiver to satellite at the current
epoch ki and ∆X presents the position increment with respect to the reference epoch; ∆e
stands for the change of the line-of-sight vector and X(k0) is the position at the reference
epoch, which can be obtained through routinely postprocessing RP or PPP day by day. The
unknowns only include the position increment ∆X and the receiver clock bias of ∆δtr and
they can be estimated by least-square (LS) method.

The whole procedure of TPP method based on RTS correction products is displayed in
Figure 3. At first, we employ epoch-differenced geometry free (GF) combinations to detect
cycle-slips. Once there are cycle-slips detected, epoch-differenced pseudorange and phase
observations are used to estimate a float solution of the cycle-slips, and then the LAMBDA
method is further adopted to obtain an integer solution [56,57]. The integer cycle-slips are
accumulated from the reference epoch to the current epoch. The temporal-differenced IF
measurement is corrected with the accumulated integer cycle-slip values. At the same time,
the precise orbits and clock offsets computed from RTS correction products and a precise
position of reference epoch are applied to linearize the temporal-differenced IF observation
equation. Finally, the coseismic displacement can be estimated with the LS method.
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3. Experiments and Results

To evaluate the performance of TPP method with RTS correction products, two ex-
periments including a stationary experiment and an application to an earthquake event
were carried out. During the time period of the stationary experiment and earthquake
event, the CNES CLK93 real-time stream was received from BKG NTRIP Client (BNC)
software and stored in a file. Both experiments were simulated by processing the collected
data in the postprocessed mode. As comparison, the displacements were also retrieved
with TPP method based on 15-min precise orbit products and 5-s precise clock products
from CODE, and VADASE method based on broadcast (BRDC) ephemeris. The three
processing schemes are presented in Table 1. For the sake of convenience, these three pro-
cessing schemes are sequentially denoted as TPP+RTS, TPP+CODE and VADASE+BRDC
in the following.

Table 1. Three processing schemes.

Scheme Method Orbit/Clock Latency

TPP+RTS TPP method RTS Real time

TPP+CODE TPP method CODE Available after about
two weeks

VADASE+BRDC VADASE method BRDC Real time
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The software for the real-time coseismic displacement retrieval were programmed by
using the C language following the method of TPP and VADASE. During the displacement
estimation at each epoch, the computational time can be limited to several milliseconds.
Only GPS L1/L2 observations are employed to estimate displacements both in stationary
and seismic application. The cut-off elevation angle was set to 10 degrees. The accu-
rate position at the reference epoch was calculated by Natural Resources Canada online
Precise Point Positioning (CSRS-PPP) tool by using three-hour observations before the ref-
erence time (https://webapp.geod.nrcan.gc.ca/). Table 2 summarizes the data processing
strategies for TPP method in detail.

Table 2. Data processing strategies for TPP method.

Items Processing Information

Observations GPS L1/L2

Elevation mask 10 degrees

Observation weight Elevation-dependent weight; 3 mm for GPS raw
carrier-phase

Antenna phase center Both PCO and PCV at satellite and receiver were
corrected with IGS antenna file [51]

Sagnac effect Corrected by empirical model [52]

Special relativistic effect Corrected by empirical model [52]

Shapiro time delay Corrected by empirical model [52]

Phase windup Corrected by empirical model [53]

Solid tide Corrected according to IERS 1 Convention 2010 [54]

Ocean loading Corrected according to IERS Convention 2010 [54]

Pole tide Corrected according to IERS Convention 2010 [54]
1 IERS, International Earth Rotation and Reference Systems Service.

3.1. Stationary Experiment with Global IGS Stations

To assess the performance of TPP method with RTS correction products, 33 globally
distributed IGS stations were selected. The distribution of the stations is shown in Figure 4.
The observations from 05:45:00 to 05:59:59 on 1 January 2020 in GPS time were collected
and processed. The time period of 15 min is significantly longer than the duration of typical
earthquake, which is generally last for less than a few minutes. The static experiment
gives us an overall impression about the accuracy of the displacements derived from TPP
method with real-time orbit and clock products. As mentioned above, the displacements
based on TPP method with CODE final products and VADASE method with broadcast
ephemeris were also obtained for comparison. Considering that the selected IGS stations are
stationary, the displacement should be zero at each epoch, which can be used as references.
All displacements derived from different schemes were compared with the references
to validate the accuracy. In order to evaluate the performance of real-time coseismic
displacement retrieval, no linear or nonlinear detrending procession such as Shu et al. and
Hung et al. [30,34] was applied to the displacements derived from VADASE method.

https://webapp.geod.nrcan.gc.ca/
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The displacement time series at a typical station MIZU is shown in Figure 5. The aver-
age values of displacements in north, east and up directions are 2.0 cm, 1.3 cm and 2.5 cm
for TPP+RTS. Regarding TPP+CODE, the average values of the retrieved displacements in
north, east and up directions are 2.5 cm, 1.1 cm and 3.2 cm, respectively. However, there is
an evident drift in the displacements derived from VADASE+BRDC. The displacements
in north, east and up directions reach up to 45.0 cm, 27.0 cm and 56.1 cm at the end of
time series.
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station MIZU.

The average and standard deviation (STD) values of the derived displacements dur-
ing the whole time period were calculated for 33 IGS stations, and they are shown in
Figures 6 and 7. The mean values of average displacements in north, east and up direc-
tions are 2.3 cm, 2.9 cm and 8.1 cm for TPP+RTS, which are at the same level as those
of TPP+CODE. However, the mean values of average displacements in north, east and
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up directions are 15.9 cm, 14.8 cm and 30.4 cm for VADASE+BRDC. The means of STD
values in north, east and up directions are 0.7 cm, 0.8 cm and 2.4 cm for TPP+RTS, and
similarly they are in close proximity to those of TPP+CODE. The means of STD values of
VADASE+BRDC in north, east and up directions are 5.1 cm, 4.9 cm and 10.4 cm, which are
significantly larger than the results of TPP+RTS.
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The average root mean square (RMS) values of the retrieved displacements over 33
IGS stations for three different schemes are summarized in Table 3. The average RMS
values are 1.8 cm and 4.1 cm in horizontal and vertical directions for TPP+RTS, which are
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at the same level as that of TPP+CODE. While the average RMS values of VADASE+BRDC
reach up to 12.1 cm and 15.7 cm in horizontal and vertical directions, respectively. The
displacements derived from TPP+RTS are highly consistent with the displacements de-
rived from TPP+CODE. In a word, TPP method with real-time orbit and clock products
and CODE final products show nearly equivalent performance of displacement retrieval.
Significant improvement is shown in the accuracy of retrieved real-time displacement
compared to that of VADASE method.

Table 3. The average RMS values of the retrieved displacements over 33 IGS stations for three
different schemes.

Scheme Horizontal (cm) Vertical (cm)

TPP+RTS 1.8 4.1
TPP+CODE 1.7 3.8

VADASE+BRDC 12.1 15.7

3.2. Application to Earthquake Monitoring: The 2016 Mw 7.8 Kaikōura Earthquake

The 2016 Mw 7.8 Kaikōura earthquake happened in the South Island of New Zealand
at 11:02:56 (UTC) on 13 November. The hypocentral was at a relatively shallow depth
of 15.1 km and its epicenter was located at 42.737◦ S, 173.054◦ E (https://earthquake.
usgs.gov/earthquakes/). The earthquake rupture caused a tsunami which was up to 3 m
at Kaikōura [58]. The impacts of the Kaikōura earthquake were enormous. Thousands
of people were affected with significant damage to transportation networks and other
infrastructure as well as disruption to the agriculture and tourism industries [59]. This
seismic event was successfully recorded by a great deal of GNSS stations. In this experiment,
high-rate GPS observations (1 Hz) were collected from 51 stations at the different distance
away from the epicenter of Kaikoura earthquake. Table 4 lists the station ID and the
epicentral distance at each station. The location of the stations and the epicenter are shown
in Figure 8.

Table 4. The epicentral distances of the selected GPS stations.

ID Distance
(km) ID Distance

(km) ID Distance
(km)

MRBL 24.25 GLDB 216.82 VEXA 275.09
HANM 29.59 PALI 223.08 OTAK 276.40
LKTA 64.53 DURV 226.92 QUAR 277.18
CLSK 95.37 GUNR 228.4 CNCL 279.05
YALD 95.87 MTPR 229.58 WRPA 280.13
V47B 97.62 AVLN 231.24 KARA 282.95

MQZG 112.18 BTHL 231.69 TEMA 296.55
WEST 150.77 PAEK 247.13 LEVN 300.07
METH 153.00 PARW 247.18 MANG 310.93
HOKI 169.08 CLIM 247.54 TINT 320.43

MAHA 171.97 MTJO 251.19 KORO 325.32
NLSN 175.56 KAPT 259.16 CAST 330.58
TKHL 189.58 TRAV 263.49 PTOI 340.94
TORY 199.5 MTQN 264.65 GNBK 347.04
TRWH 207.89 NETT 267.56 BIRF 349.98
OKOH 208.39 WAKA 273.71 MTBL 351.42
WGTN 213.64 WAIM 273.75 NPLY 405.24

https://earthquake.usgs.gov/earthquakes/
https://earthquake.usgs.gov/earthquakes/
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Figure 8. Location of the 2016 Kaikōura earthquake epicenter and the distribution of the selected
1 Hz GPS stations.

We processed the GPS data during the time period from 11:02:45 to 11:07:45 in UTC,
which includes the whole seismic period. The application to this seismic event further
demonstrates the capability of retrieving coseismic displacement waveforms based on
TPP method with real-time orbit and clock products. Similarly, the displacements were
also calculated with TPP+CODE and VADASE+BRDC in this section. Furthermore, the
postprocessing displacements were obtained by using CSRS-PPP online tool as references.

Figure 9 shows the retrieved coseismic displacement waveforms at the station WRPA.
WRPA is located in the southwestern of Masterton with an epicentral distance of about
280.13 km. Both the displacements derived from TPP+RTS and TPP+CODE fit with the
references, obtained from the CSRS-PPP, very well. The average biases in north, east and up
directions are 2.1 cm, 2.2 cm and 3.8 cm for TPP+RTS. As for TPP+CODE, the average biases
in the three directions are 1.9 cm, 2.0 cm and 3.7 cm. However, obvious drifts are displayed
in the displacements derived from VADASE+BRDC, the biases in the three directions reach
up to 7.5 cm, 7.7 cm and 23.6 cm at the end of time series.
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Figure 9. The retrieved coseismic displacements in north, east and up directions for different schemes
at station WRPA.

To qualitatively describe the seismic rupture propagation, the coseismic displacement
waveforms at 51 stations are presented in Figure 10. It should be noticed that the coseismic
displacements of each station are vertically shifted according to the epicentral distance. As
shown in Figure 10, during the Kaikōura earthquake, seismic wave first arrived at MRBL
and sequentially propagated to farther stations. For TPP+RTS, the displacements of MRBL
and HANM, the two closest stations to the epicenter, have the peak-to-peak amplitudes of
37 cm to 43 cm, 38 cm to 82 cm and 12 to 19 cm in north, east and up directions, respectively.
Obvious permanent coseismic offsets in north and east directions are observed at the
stations MRBL and HANM. In addition, two clear separate bursts of energy release are also
significant in the displacement waveforms at these two stations. At the northeastern area
of the epicenter, the stations with epicentral distance ranging from 200 km to 350 km have
obvious seismic signals with the peak-to-peak amplitudes of 23 cm to 75 cm, 17 cm to 40
cm and 12 cm to 23 cm in the three directions. Nevertheless, at the same epicentral distance,
faint signals are observed from the stations located at southwestern area of epicenter,
ranging from 7 cm to 18 cm, 8 cm to 24 cm and 5 to 21 cm. The possible reason for the
vibration amplification effect is that two displacement pulses almost overlapped at the
northeastern area of the epicenter because the rupture front propagated along the north
direction [59,60]. Very similar seismic signals can be observed from the displacements
derived from TPP+CODE. Both the displacements derived from TPP+RTS and TPP+CODE
in north, east and up directions are in good agreement with the references obtained from the
CSRS-PPP. The displacements derived from VADASE+BRDC have relatively small drifts
in north and east directions and seismic signals can be approximately discerned in these
two directions. However, it is difficult to identify seismic signals in up direction due to the
displacement drifts, which might cause a misjudgment of seismic rupture propagation in
real-time condition.
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With the CSRS-PPP-derived displacements as references, the average RMS values of
the displacement biases over selected 51 stations were calculated for three schemes and
the results are presented in Table 5. The average RMS values of the displacement biases in
horizontal and vertical directions are 1.2 cm and 2.4 cm for TPP+RTS, 1.1 cm and 2.4 cm for
TPP+CODE. While the accuracy of VADASE+BRDC in horizontal and vertical directions
are 4.6 cm and 7.2 cm, respectively. In a word, there is almost no difference between
the accuracies of coseismic displacements derived from TPP+RTS and TPP+CODE, and
both these two schemes can provide much more precise coseismic displacement than the
VADASE method.

Table 5. The average RMS values of coseismic displacement biases over selected 51 stations for
three schemes.

Scheme Horizontal (cm) Vertical (cm)

TPP+RTS 1.2 2.4
TPP+CODE 1.1 2.4

VADASE+BRDC 4.6 7.2

4. Conclusions

This contribution evaluates the performance of the real-time coseismic displacement
retrieval based on TPP method with real-time orbit and clock products. The real-time
precise orbit and clock offsets were recovered from RTS correction products. The temporal-
differenced IF combinations were formed and adopted as TPP measurements. By applying
this orbit and clock offsets, the coseismic displacement can be real-timely retrieved based
on TPP measurements. The whole procedure of real-time displacement retrieval with
TPP method based on IGS RTS correction products was presented in this contribution.
Stationary experiment and an application to the 2016 Mw 7.8 Kaikōura earthquake were
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carried out to assess the accuracy of displacement derived from TPP method based on
real-time orbit and clock products. The TPP method based on the CODE final products
and VADASE method based on broadcast ephemeris were also implemented in these two
experiments for comparison. In general, the accuracies of the displacements derived from
TPP method with real-time orbit and clock products and CODE final products are nearly
at the same level. There is almost no drift in displacement derived from the TPP method
with real-time orbit and clock products compared to VADASE-retrieved displacement.
In the stationary experiment, the displacement derived from TPP method with real-time
orbit and clock products are at an accuracy of 1.8 cm in horizontal direction and 4.1 cm
in vertical direction during the time period of 15 min. In the second experiment, the TPP
method based on real-time orbit and clock products can provide coseismic displacement
waveform at the accuracy of 1.2 cm and 2.4 cm in the horizontal and vertical directions
with the postprocessing displacement derived from CSRS-PPP online tool as references.
The contribution shows that IGS RTS corrections provide an open-access way for users
to carry out real-time coseismic displacement retrieval. With the growing availability
and reliability of the real-time orbit and clock products, TPP method based on IGS RTS
corrections is gradually becoming a powerful tool to support the rapid hazard assessment
and earthquake early warning.

Author Contributions: Conceptualization, Y.Z. and Z.N.; methodology, Z.N.; software, Y.Z.; valida-
tion, H.W. and X.X.; formal analysis, Y.Z.; writing—original draft preparation, Y.Z.; writing—review
and editing, Z.N., Z.W.; visualization, Y.Z. and X.X.; supervision, Z.W.; project administration, Z.W.;
funding acquisition, Z.W. and Z.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by National Key Research and Development Program of China
(Grant No. 2019YFC1509205), Key Program of National Natural Science Foundation of China
(Grant No. 41631073), State Key Laboratory of Earthquake Dynamics (Grant No. LED2018B03), Fun-
damental Research Funds for the Central Universities (Grant No. 20CX06044A), China Postdoctoral
Science Foundation (Grant No. 2020M672168) and Qingdao Postdoctoral Application Research
Project (Grant No. QDYY20190077).

Data Availability Statement: High-rate RINEX observation files for stationary experiment and New
Zealand earthquake can be downloaded at https://cddis.nasa.gov/ and ftp://ftp.geonet.org.nz/.
The CODE final orbit and clock products are available at ftp://igs.gnsswhu.cn/.

Acknowledgments: These preliminary findings would not be possible without the valuable data
provided by GeoNet with the support of its sponsors New Zealand Earthquake Commission (EQC),
GNS Science and Land Information New Zealand. We are also very grateful to CNES and CODE
for providing real-time and final orbit and clock products. Great appreciations to Natural Resources
Canada for providing online CSRS-PPP tool.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Larson, K.M. Using 1-Hz GPS Data to Measure Deformations Caused by the Denali Fault Earthquake. Science 2003, 300, 1421–1424.

[CrossRef] [PubMed]
2. Larson, K.M. GPS seismology. J. Geod. 2009, 83, 227–233. [CrossRef]
3. Kouba, J. Measuring Seismic Waves Induced by Large Earthquakes with GPS. Stud. Geophys. Geod. 2003, 47, 741–755. [CrossRef]
4. Blewitt, G.; Kreemer, C.; Hammond, W.C.; Plag, H.P.; Stein, S.; Okal, E. Rapid determination of earthquake magnitude using GPS

for tsunami warning systems. Geophys. Res. Lett. 2006, 33, L11309. [CrossRef]
5. Colombelli, S.; Allen, R.M.; Zollo, A. Application of real-time GPS to earthquake early warning in subduction and strike-slip

environments. J. Geophys. Res. Solid Earth 2013, 118, 3448–3461. [CrossRef]
6. Wright, T.J.; Houlié, N.; Hildyard, M.; Iwabuchi, T. Real-time, reliable magnitudes for large earthquakes from 1 Hz GPS precise

point positioning: The 2011 Tohoku-Oki (Japan) earthquake. Geophys. Res. Lett. 2012, 39, L12302. [CrossRef]
7. Crowell, B.W.; Bock, Y.; Squibb, M.B. Demonstration of Earthquake Early Warning Using Total Displacement Waveforms from

Real-time GPS Networks. Seismol. Res. Lett. 2009, 80, 772–782. [CrossRef]
8. Crowell, B.W.; Bock, Y.; Melgar, D. Real-time inversion of GPS data for finite fault modeling and rapid hazard assessment.

Geophys. Res. Lett. 2012, 39, L09305. [CrossRef]

https://cddis.nasa.gov/
ftp://ftp.geonet.org.nz/
ftp://igs.gnsswhu.cn/
http://doi.org/10.1126/science.1084531
http://www.ncbi.nlm.nih.gov/pubmed/12750480
http://doi.org/10.1007/s00190-008-0233-x
http://doi.org/10.1023/A:1026390618355
http://doi.org/10.1029/2006GL026145
http://doi.org/10.1002/jgrb.50242
http://doi.org/10.1029/2012GL051894
http://doi.org/10.1785/gssrl.80.5.772
http://doi.org/10.1029/2012GL051318


Sensors 2021, 21, 334 16 of 17

9. Allen, R.M.; Ziv, A. Application of real-time GPS to earthquake early warning. Geophys. Res. Lett. 2011, 38, L16310. [CrossRef]
10. Zumberge, J.F.; Heflin, M.B.; Jefferson, D.C.; Watkins, M.M.; Webb, F.H. Precise point positioning for the efficient and robust

analysis of GPS data from large networks. J. Geophys. Res. 1997, 102, 5005–5017. [CrossRef]
11. Melgar, D.; Bock, Y.; Crowell, B.W. Real-time centroid moment tensor determination for large earthquakes from local and regional

displacement records. Geophys. J. Int. 2012, 188, 703–718. [CrossRef]
12. Ohta, Y.; Kobayashi, T.; Tsushima, H.; Miura, S.; Hino, R.; Takasu, T.; Fujimoto, H.; Iinuma, T.; Tachibana, K.; Demachi, T.; et al.

Quasi real-time fault model estimation for near-field tsunami forecasting based on RTK-GPS analysis: Application to the 2011
Tohoku-Oki earthquake (Mw 9.0). J. Geophys. Res. Solid Earth 2012, 117, B02311. [CrossRef]

13. Ruhl, C.J.; Melgar, D.; Grapenthin, R.; Allen, R.M. The value of real-time GNSS to earthquake early warning. Geophys. Res. Lett.
2017, 44, 8311–8319. [CrossRef]

14. Crowell, B.W.; Schmidt, D.A.; Bodin, P.; Vidale, J.E.; Baker, B.; Barrientos, S.; Geng, J. G-FAST Earthquake Early Warning Potential
for Great Earthquakes in Chile. Seismol. Res. Lett. 2018, 89, 542–556. [CrossRef]

15. Chen, K.; Liu, Z.; Song, Y.T. Automated GNSS and Teleseismic Earthquake Inversion (AutoQuake Inversion) for Tsunami Early
Warning: Retrospective and Real-Time Results. Pure Appl. Geophys. 2020, 177, 1403–1423. [CrossRef]

16. Kouba, J.; Héroux, P. Precise Point Positioning using IGS Orbit and Clock Products. GPS Solut. 2001, 5, 12–28. [CrossRef]
17. Geng, T.; Su, X.; Fang, R.; Xie, X.; Zhao, Q.; Liu, J. BDS Precise Point Positioning for Seismic Displacements Monitoring: Benefit

from the High-Rate Satellite Clock Corrections. Sensors 2016, 16, 2192. [CrossRef]
18. Jin, S.; Su, K. Co-seismic displacement and waveforms of the 2018 Alaska earthquake from high-rate GPS PPP velocity estimation.

J. Geod. 2019, 93, 1559–1569. [CrossRef]
19. Su, K.; Jin, S.; Ge, Y. Rapid displacement determination with a stand-alone multi-GNSS receiver: GPS, Beidou, GLONASS, and

Galileo. GPS Solut. 2019, 23. [CrossRef]
20. Ge, M.; Gendt, G.; Rothacher, M.; Shi, C.; Liu, J. Resolution of GPS carrier-phase ambiguities in Precise Point Positioning (PPP)

with daily observations. J. Geod. 2008, 82, 389–399. [CrossRef]
21. Li, X.; Ge, M.; Zhang, X.; Zhang, Y.; Guo, B.; Wang, R.; Klotz, J.; Wickert, J. Real-time high-rate co-seismic displacement from

ambiguity-fixed precise point positioning: Application to earthquake early warning. Geophys. Res. Lett. 2013, 40, 295–300.
[CrossRef]

22. Li, X.; Ge, M.; Lu, C.; Zhang, Y.; Wang, R.; Wickert, J.; Schuh, H. High-Rate GPS Seismology Using Real-Time Precise Point
Positioning with Ambiguity Resolution. IEEE Trans. Geosci. Remote 2014, 52, 6165–6180. [CrossRef]

23. Chen, G.; Zhao, Q. Near-field surface displacement and permanent deformation induced by the Alaska Mw 7.5 earthquake
determined by high-rate real-time ambiguity-fixed PPP solutions. Chin. Sci. Bull. 2014, 59, 4781–4789. [CrossRef]

24. Geng, J.; Shi, C.; Ge, M.; Dodson, A.H.; Lou, Y.; Zhao, Q.; Liu, J. Improving the estimation of fractional-cycle biases for ambiguity
resolution in precise point positioning. J. Geod. 2011, 86, 579–589. [CrossRef]

25. Li, X.; Li, X.; Yuan, Y.; Zhang, K.; Zhang, X.; Wickert, J. Multi-GNSS phase delay estimation and PPP ambiguity resolution: GPS,
BDS, GLONASS, Galileo. J. Geod. 2018, 92, 579–608. [CrossRef]

26. Collins, P.; Henton, J.; Mireault, Y.; Heroux, P.; Schmidt, M.; Dragert, H.; Bisnath, S. Precise point positioning for real-time
determination of co-seismic crustal motion. In Proceedings of the ION GNSS 2009, Savannah, GA, USA, 22–25 September 2009;
pp. 2479–2488.

27. Colosimo, G.; Crespi, M.; Mazzoni, A. Real-time GPS seismology with a stand-alone receiver: A preliminary feasibility demon-
stration. J. Geophys. Res. Solid Earth 2011, 116, B11302. [CrossRef]

28. Benedetti, E.; Branzanti, M.; Biagi, L.; Colosimo, G.; Mazzoni, A.; Crespi, M. Global Navigation Satellite Systems Seismology for
the 2012 Mw 6.1 Emilia Earthquake: Exploiting the VADASE Algorithm. Seismol. Res. Lett. 2014, 85, 649–656. [CrossRef]

29. Geng, T.; Xie, X.; Fang, R.; Su, X.; Zhao, Q.; Liu, G.; Li, H.; Shi, C.; Liu, J. Real-time capture of seismic waves using high-rate
multi-GNSS observations: Application to the 2015 Mw 7.8 Nepal earthquake. Geophys. Res. Lett. 2016, 43, 161–167. [CrossRef]

30. Shu, Y.; Fang, R.; Li, M.; Shi, C.; Li, M.; Liu, J. Very high-rate GPS for measuring dynamic seismic displacements without aliasing:
Performance evaluation of the variometric approach. GPS Solut. 2018, 22, 121. [CrossRef]

31. Shu, Y.; Fang, R.; Liu, Y.; Ding, D.; Qiao, L.; Li, G.; Liu, J. Precise coseismic displacements from the GPS variometric approach
using different precise products: Application to the 2008 MW 7.9 Wenchuan earthquake. Adv. Space Res. 2020, 65, 2360–2371.
[CrossRef]

32. Branzanti, M.; Colosimo, G.; Crespi, M.; Mazzoni, A. GPS Near-Real-Time Coseismic Displacements for the Great Tohoku-oki
Earthquake. IEEE Geosci. Remote Sens. Lett. 2013, 10, 372–376. [CrossRef]

33. Hung, H.; Rau, R. Surface waves of the 2011 Tohoku earthquake: Observations of Taiwan’s dense high-rate GPS network. J.
Geophys. Res. Solid Earth 2013, 118, 332–345. [CrossRef]

34. Hung, H.; Rau, R.; Benedetti, E.; Branzanti, M.; Mazzoni, A.; Colosimo, G.; Crespi, M. GPS Seismology for a moderate magnitude
earthquake: Lessons learned from the analysis of the 31 October 2013 ML 6.4 Ruisui (Taiwan) earthquake. Ann. Geophys. 2017, 60,
S0553. [CrossRef]

35. Li, X.; Ge, M.; Guo, B.; Wickert, J.; Schuh, H. Temporal point positioning approach for real-time GNSS seismology using a single
receiver. Geophys. Res. Lett. 2013, 40, 5677–5682. [CrossRef]

36. Guo, B.; Zhang, X.; Ren, X.; Li, X. High-precision coseismic displacement estimation with a single-frequency GPS receiver.
Geophys. J. Int. 2015, 202, 612–623. [CrossRef]

http://doi.org/10.1029/2011GL047947
http://doi.org/10.1029/96JB03860
http://doi.org/10.1111/j.1365-246X.2011.05297.x
http://doi.org/10.1029/2011JB008750
http://doi.org/10.1002/2017GL074502
http://doi.org/10.1785/0220170180
http://doi.org/10.1007/s00024-019-02252-x
http://doi.org/10.1007/PL00012883
http://doi.org/10.3390/s16122192
http://doi.org/10.1007/s00190-019-01269-3
http://doi.org/10.1007/s10291-019-0840-4
http://doi.org/10.1007/s00190-007-0187-4
http://doi.org/10.1002/grl.50138
http://doi.org/10.1109/TGRS.2013.2295373
http://doi.org/10.1007/s11434-014-0609-7
http://doi.org/10.1007/s00190-011-0537-0
http://doi.org/10.1007/s00190-017-1081-3
http://doi.org/10.1029/2010JB007941
http://doi.org/10.1785/0220130094
http://doi.org/10.1002/2015GL067044
http://doi.org/10.1007/s10291-018-0785-z
http://doi.org/10.1016/j.asr.2020.02.013
http://doi.org/10.1109/LGRS.2012.2207704
http://doi.org/10.1029/2012JB009689
http://doi.org/10.4401/ag-7399
http://doi.org/10.1002/2013GL057818
http://doi.org/10.1093/gji/ggv148


Sensors 2021, 21, 334 17 of 17

37. Li, X.; Guo, B.; Lu, C.; Ge, M.; Wickert, J.; Schuh, H. Real-time GNSS seismology using a single receiver. Geophys. J. Int. 2014, 198,
72–89. [CrossRef]

38. Chen, K.; Ge, M.; Babeyko, A.; Li, X.; Diao, F.; Tu, R. Retrieving real-time co-seismic displacements using GPS/GLONASS: A
preliminary report from the September 2015 Mw 8.3 Illapel earthquake in Chile. Geophys. J. Int. 2016, 206, 941–953. [CrossRef]

39. Chen, K.; Zamora, N.; Babeyko, A.; Li, X.; Ge, M. Precise Positioning of BDS, BDS/GPS: Implications for Tsunami Early Warning
in South China Sea. Remote Sens. 2015, 7, 15955–15968. [CrossRef]

40. RTCM Special Committee. RTCM Standard 10403.3 Differential GNSS (Global Navigation Satellite Systems) Services-Version 3; No.
104; RTCM Special Committee: Arlington, TX, USA, 2016.

41. Weber, G.; Mervart, L.; Lukes, Z.; Rocken, C.; Dousa, J. Real-time clock and orbit corrections for improved point positioning via
NTRIP. In Proceedings of the ION GNSS 2007, Fort Worth, TX, USA, 25–28 September 2007; pp. 1992–1998.

42. El-Diasty, M.; Elsobeiey, M. Precise Point Positioning Technique with IGS Real-Time Service (RTS) for Maritime Applications.
Positioning 2015, 6, 71–80. [CrossRef]

43. Wang, L.; Li, Z.; Ge, M.; Neitzel, F.; Wang, X.; Yuan, H. Investigation of the performance of real-time BDS-only precise point
positioning using the IGS real-time service. GPS Solut. 2019, 23, 66. [CrossRef]

44. Nie, Z.; Gao, Y.; Wang, Z.; Ji, S.; Yang, H. An approach to GPS clock prediction for real-time PPP during outages of RTS stream.
GPS Solut. 2018, 22, 14. [CrossRef]

45. Elsobeiey, M.; Al-Harbi, S. Performance of real-time Precise Point Positioning using IGS real-time service. GPS Solut. 2016, 20,
565–571. [CrossRef]

46. Nie, Z.; Liu, F.; Gao, Y. Real-time precise point positioning with a low-cost dual-frequency GNSS device. GPS Solut. 2019, 24, 9.
[CrossRef]

47. Hadas, T.; Bosy, J. IGS RTS precise orbits and clocks verification and quality degradation over time. GPS Solut. 2015, 19, 93–105.
[CrossRef]

48. Nie, Z.; Wang, B.; Wang, Z.; He, K. An offshore real-time precise point positioning technique based on a single set of BeiDou
short-message communication devices. J. Geod. 2020, 94. [CrossRef]

49. Leick, A.; Rapoport, L.; Tatarnikov, D. GPS Satellite Surveying, 4th ed.; John Wiley & Sons: Hoboken, NJ, USA, 2015.
50. Xu, G.; Xu, Y. GPS: Theory, Algorithms and Applications, 3rd ed.; Springer: Berlin/Heidelberg, Germany, 2016.
51. Schmid, R.; Steigenberger, P.; Gendt, G.; Ge, M.; Rothacher, M. Generation of a consistent absolute phase-center correction model

for GPS receiver and satellite antennas. J. Geod. 2007, 81, 781–798. [CrossRef]
52. Ashby, N. Relativity in the Global Positioning System. Living Rev. Relativ. 2003, 6, 1. [CrossRef]
53. Wu, J.T.; Wu, S.C.; Hajj, G.; Bertiger, W.I. Effects of antenna orientation on GPS carrier phase. Manuscr. Geod. 1993, 18, 91–98.
54. Petit, G.; Luzum, B. IERS Conventions (2010); Bundesamts für Kartographie und Geodäsie: Frankfurt am Main, Germany, 2010.
55. Saastamoinen, J. Contributions to the theory of atmospheric refraction—Part II. Refraction corrections in satellite geodesy. Bull.

Géod. 1973, 47, 13–34. [CrossRef]
56. Teunissen, P.J.G. The least-square ambiguity decorrelation adjustment: A method for fast GPS ambiguity estimation. J. Geod.

1995, 70, 65–82. [CrossRef]
57. Teunissen, P.J.G. Penalized GNSS Ambiguity Resolution. J. Geod. 2004, 78, 235–244. [CrossRef]
58. Hamling, I.J.; Hreinsdóttir, S.; Clark, K.; Elliott, J.; Liang, C.; Fielding, E.; Litchfield, N.; Villamor, P.; Wallace, L.; Wright, T.J.; et al.

Complex multifault rupture during the 2016 Mw 7.8 Kaikōura earthquake, New Zealand. Science 2017, 356, m7194. [CrossRef]
[PubMed]

59. Kaiser, A.; Balfour, N.; Fry, B.; Holden, C.; Litchfield, N.; Gerstenberger, M.; Anastasio, E.D.; Horspool, N.; McVerry, G.; Ristau, J.;
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