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Abstract
For earthquake and tsunami early warning and emergency response, the parameters of earthquakes should be determined 
rapidly and correctly. The precise displacement time series can be obtained from high-rate GPS precise point positioning 
(PPP) during the earthquake, but require long convergence time. In this paper, the PPP velocity estimation (PPPVE) approach 
is applied to estimate the velocity waveforms and integrate to displacement waveforms in real-time scenarios. A case study 
of the 2018 Alaska earthquake is conducted from 1 Hz GPS data. The accuracy of velocity and displacement waveforms for 
1 Hz GPS data is analyzed by comparing PPPVE-derived displacements with kinematic PPP solution. The results indicate 
that PPP and PPPVE are both capable of detecting seismic displacement waveforms with amplitude of 1 cm horizontally, 
while PPPVE can detect the displacement waveforms with much faster convergence speed. The mean convergence time of 
PPPVE for north, east and up components are 19, 22 and 31 s, respectively. The derived ground motion parameters estimate 
a magnitude of Mw = 7.97 ± 0.18, showing a great consistency and agreement with the seismometer magnitude. The prelimi-
nary relationship between the seismic intensity and ground motion parameters is established and evaluated for an auxiliary 
reference. Furthermore, the permanent displacement induced by the earthquake is obtained from real-time PPPVE approach. 
The benefits of PPPVE approach for GNSS seismology are demonstrated.
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1  Introduction

An Mw = 7.9 earthquake occurred on January 23, 2018 at 
09:31:42 Coordinated Universal Time (UTC) 280 km south-
east of Kodiak, Alaska. The earthquake occurred as the 
result of strike slip faulting within the shallow lithosphere of 
the Pacific plate. Large earthquakes often occur in southern 
Alaska, the Pacific-North America plate boundary region. 
Most of them have occurred on the subduction zone inter-
face between the two plates. The process of the earthquake 
is poorly understood due to the complicated geological 

structures in the region. Traditionally, earthquake magnitude 
is derived from the record of accelerometers or broadband 
seismometers. Seismometers can be saturated or clipped 
in the earthquake, meaning that they cannot record the full 
amplitude of velocity any more. Though the accelerometers 
do not clip, the displacements derived from the double inte-
gration of data may be distorted by the instrumental tilts and 
rotations (Bilich et al. 2008).

Global Navigation Satellite System (GNSS) plays an 
important role in long-term crustal deformation monitor-
ing (e.g., Jin and Park 2006; Jin and Wang 2008). High-rate 
GNSS is an effective tool to retrieve displacements for earth-
quakes, landslides, volcanic and other deformation activi-
ties with the accuracy of a few centimeters (Blewitt et al. 
2009). The centimeter level accuracy obtained by real-time 
kinematic (RTK) positioning was firstly demonstrated by 
Remondi (1985), and Hirahara (1994) demonstrates as GPS 
seismology with kinematic GPS. A growing number of high-
rate GNSS stations have been installed in recent years around 
the world. High-rate GNSS can directly estimate the broad-
band displacements, including static offsets and dynamic 
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motions of arbitrarily large earthquake magnitudes (Larson 
et al. 2003; Bock et al. 2004). GNSS-derived displacements 
can be used to estimate earthquake magnitude, model finite 
fault slip and warn the early earthquake or tsunami (Blewitt 
et al. 2006; Wright et al. 2012). GNSS-derived displacements 
can provide important and additional information for the 
study of earthquakes. Two common processing strategies are 
mainly used in GNSS seismology: RTK (Keller et al. 2001) 
and precise point positioning (PPP) (Zumberge et al. 1997). 
For RTK, one or more nearby reference stations are used to 
remove most biases and recover the integer feature of double-
differenced ambiguity parameters. The method results in the 
effective cancelation of GNSS receiver clock and satellite 
clock errors, which are common to multiple satellites and sta-
tions, respectively. Consequently, high positioning accuracy 
of a few centimeters can be achieved. For instance, the RTK 
technique was used to analyze the displacements of the 2011 
Tohoku-Oki earthquake by Ohta et al. (2012).

However, the RTK technique requires assigning baselines 
or overlapping networks and needs many stations for simul-
taneous observations, which is a significant limitation for 
the analysis of GNSS data from a great deal of ground sta-
tions. Furthermore, RTK can only provide a relative position 
and the local reference station in relative positioning is also 
likely to be displaced by the strong seismic event, which 
might mislead the analysis results. Hence, the reference sta-
tion should be far away from the focal region in RTK. On 
the other hand, as the length of GNSS baseline increases, 
the accuracy of positioning could be reduced because of the 
impact of satellite ephemeris error and atmospheric effects 
that cannot be neglected in double-difference mode. Simi-
larly, intermittent station dropouts also complicate RTK.

Alternatively, with the availability of high-rate GNSS 
observations and precise satellite orbit and clock products, 
PPP can provide absolute displacements in a global refer-
ence frame with a single receiver. PPP technology is flexible 
and does not need to select the reference stations. Although 
PPP requires a global network to provide clock and orbit 
products, the stations utilized in the solution are not affected 
by the earthquake or small enough that do not bias the clock 
and orbit product. Plenty of works have applied PPP to 
measure displacement waveforms (e.g., Kouba 2003, 2005; 
Shi et al. 2010; Xu et al. 2013). Whereas the major prob-
lem of PPP is the long convergence time, it will take up 
30–60 min before the positioning errors converge (Li et al. 
2015). It still costs 15–20 min to converge when applying the 
ambiguity resolution technology (Ge et al. 2008).

Colosimo et al. (2011) proposed a variometric approach 
to estimate co-seismic displacements in real time. The 
approach, based upon time single differences of the car-
rier phase observations recorded by a single receiver even 
single frequency only, estimates the time series of the 
receiver velocities using the broadcast orbits and clocks. 

Then, velocities are integrated to provide co-seismic dis-
placements. Since only observations and broadcast orbits 
and clocks are needed, the velocities and displacements can 
be estimated on-board the receiver, overcoming the need 
to transfer all the observations to the data center for real-
time processing. The approach causes a new problem that 
velocities and displacements are drifting due to the effects 
of errors in orbits and clocks. An assumption of linear drift 
limits the integration interval. The drift value could be large 
and cannot fully be removed unless the period of seismic 
shaking is short. Recently, an improvement of this approach 
has been proposed to overcome this problem, considering 
that the effect of the orbit and clock errors are greatly spa-
tially correlated (Fratarcangeli et al. 2018). This improve-
ment seems to give good results at least with moderate 
magnitude earthquakes, where the displacements are limited 
and their errors have a higher impact in percentage. Li et al. 
(2013) proposed a new approach for estimating co-seismic 
displacements using a single receiver in real time, which was 
validated using the data collected during the Tohoku-Oki 
earthquake in Japan. Tu (2013) proposed the approach to 
rapidly determine the displacements with GPS observations 
without drifting.

In this paper, the method of PPP velocity estimation 
(PPPVE) is introduced and used to rapidly determine the 
co-seismic displacements by integrating the estimated veloc-
ity in real-time scenarios in Sect. 2. The kinematic PPP is 
also introduced for a comparison. The accuracy of derived 
velocity and displacement waveforms for 1 Hz GPS data col-
lected during the Alaska earthquake is analyzed in Sect. 3. 
Finally, we determine the earthquake magnitude, establish 
preliminary relationship between the seismic intensity and 
the ground motion parameters and obtain permanent defor-
mations from the derived parameters.

2 � Methodology

Real-time high-precision satellite orbits and clocks are the 
key issue for real-time GNSS application. Nowadays, the 
International GNSS Service (IGS) provides final, rapid and 
ultra-rapid (IGU) products. The IGU products are available 
for real-time application since they contain predicted parts. 
The accuracy of the IGU orbit is 5 cm, but the root-mean-
square (RMS) of the IGU satellite clock offset is, unfor-
tunately, about 3 ns (Zhang et al. 2011). The accuracy of 
predicted clocks is not enough to meet the requirement for 
centimeter level applications. The IGS established the Real 
Time Working Group in 2001 and defined the real-time ser-
vice (RTS). The RTS pilot project became operational in 
2011 and provides access to precise clock correction prod-
ucts via Internet. The RTS products are distributed as Radio 
Technical Commission for Mari-time Service (RTCM) 
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state-space representation (SSR) correction streams and 
broadcast over the Internet. The accuracy of the IGS RTS 
satellite clocks is 0.3 ns, which meets the target of cm level 
in general. After the IGU orbit and RTS clock correction is 
transmitted to the user, the high-rate GPS data can be pro-
cessed in real-time mode.

The observation equations for the GPS undifferenced 
(UD) carrier phase and pseudorange can be expressed as 
follows (Leick et al. 2015):

where the superscript s represents the GPS satellite; the sub-
script r and j represent the receiver and the frequency, 
respectively; �s

r,j
 is the carrier phase observed at the fre-

quency j; ps
r,j

 is the corresponding pseudorange; �s
r
 denotes 

the geometrical range from phase centers of the satellite to 
receiver antennas at the signal transmitting and receiving 
time; dtr is the receiver clock offset; dts is the satellite clock 
offset; Ts

r
 is the tropospheric delay; Is

r,j
 is the ionospheric 

delay at the frequency j; dr,j and ds
r
 are receiver and satellite 

hardware delay biases; �r,j is the wavelength of carrier phase 
at the frequency j; Ns

r,j
 is the float ambiguity at the frequency 

j; �� and �p are the relevant measurement noise components, 
including multipath of the carrier phase and pseudorange 
observations, respectively. Besides, the antenna phase center 
variations and offsets and the station displacements caused 
by tidal loading have to be corrected. Similarly, phase win-
dup and relativistic delays should be corrected according to 
the existing models (Kouba and Hérous 2001), though they 
are not included in these simplified equations.

The slant total tropospheric delay can be described as 
the sum of the dry and wet components, and both can be 
expressed by their individual zenith part and mapping func-
tion. The zenith wet delay is estimated from the observations 
owing to the high variability of water vapor distribution and 
its uncertainty. The first-order ionospheric delay errors can 
be mitigated by the linear combination of the dual-frequency 
GPS observations. The ionosphere-free (IF) combination 
of the carrier phase and pseudoranges observables can be 
expressed as:

Assuming that n satellites are observed at the epoch k, 
the observational equations for all the satellites at the epoch 
can be expressed as

(1)�s
r,j
= �s

r
+ dtr − dts + Ts

r
− Is

r,j
+ �r, j ⋅ N

s
r,j
+ ��

(2)ps
r,j
= �s

r
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r
+ Is

r,j
+ dr,j + ds

r
+ �p

(3)�s
r,IF

=
(
f 2
1
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− f 2

2
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)
∕
(
f 2
1
− f 2

2

)

(4)ps
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=
(
f 2
1
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2
⋅ ps

r,2

)
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(
f 2
1
− f 2

2

)

(5)Lk = AkXk + vk, vk ∼ N(0,Rk)

where L is the measured output; A is the coefficient matrix; 
X is the state of the system; v is the measured noise; R is the 
measurement noise covariance.

The state equation can be expressed as

where F is the state transition matrix in Kalman filter; the 
variable w is the process noise; Qw is the process noise 
covariance.

Traditional kinematic PPP can be used to estimate the 
displacement waveforms, whose elements for Eq. (5) are 
given by

where �c and pc are the observed minus computed carrier 
phase and pseudoranges observations from a satellite to the 
receiver; e is the unit vector from satellite to receiver; mwz is 
the tropospheric wet mapping function; s denotes the vector 
of the receiver displacement correction referred to the 
approximate position; trowet is the tropospheric zenith wet 
delay; �2

�c
 and �2

pc
 are the noise variance for the carrier phase 

and pseudorange observations, respectively.
The receiver displacement correction is estimated as 

white noise in kinematic PPP. The tropospheric zenith wet 
delay is described as a random walk process. The receiver 
clock offset is estimated epoch-wise as white noise and the 
ambiguity is a constant. The process noise can be expresses 
as below.

where � is the sampling rate in seconds, I is a 3 × 3 identity 
matrix, m2

s
 , m2

z
 and m2

t
 are the spectral density of displace-

ment, troposphere and receiver clock offset noises, respec-
tively. Here, m2

s
 is set as 100 m2 s−1, m2

z
 is set as 10−9 m2 s−1 

and m2
t
 is set with a very large value of 105 m2 s−1.

The method of PPPVE is similar but has a little differ-
ence, which is employed for the velocity estimation by using 
the second-order Gaussian–Markov process in the state 
equations of the motion part. The L and R for Eq. (5) are the 
same as the elements in Eq. (7), and the A and X for Eq. (5) 
are expressed as (Su et al. 2019a)

(6)Xk = Fk,k−1Xk−1 + wk,wk ∼ N(0,Qw)

(7)
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[
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]
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[
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e mwz −1 0

]
;
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[
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r

]
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[
�2
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�2
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]
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(9)
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]
; X =
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r

]
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where v and a denote the vector of the receiver velocity and 
acceleration, respectively.

The station dynamics is based on the assumption that 
variation of position or velocity or acceleration is random. 
The state transition matrix and process noise matrix are 
expressed as following (Yang et al. 2001).

Here, the dynamic noise of the q
a
 is set 1 cm s−2/5 and 

other parameters are set following Eq. (8). With the obser-
vation equations and state equations above, the parameters 
in PPP or PPPVE can be determined by the Kalman filter 
(Kalman 1960).

In PPPVE, the estimated velocities can be directly inte-
grated into the displacements, which can be expressed as 
follows.

(10)F =
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1

2
[a]i ⋅ �

2
)

where s′ is the integrated displacements and k0 is the begin-
ning epoch.

3 � Real‑time GPS velocity and displacement 
waveforms

The Mw = 7.9 earthquake occurred at 09:31:42 UTC, Janu-
ary 23, 2018, 37 km southeast of Kodiak, Alaska, which 
caused significant ground motions at distances up to sev-
eral thousand kilometers from the epicenter. The University 
Navstar Consortium (UNAVCO) Data Center handles data 
management tasks for GNSS data from thousands of glob-
ally distributed permanent stations and campaign sites. A 
great deal of data are contributed by UNAVCO community 
investigators (http://www.unavc​o.org). The UNAVCO data 
center provides an ideal opportunity to evaluate the perfor-
mance of co-seismic velocity and displacement waveforms 
derived from high-rate GPS. The 1 Hz GPS data during the 
2018 Kodiak, Alaska earthquake were collected from the 
Plate Boundary Observatory (PBO) GNSS network, oper-
ated by UNAVCO, and we can calculate the peak ground 
displacement (PGD) and peak ground velocity (PGV) from 
the waveform traces within seconds of the earthquake. We 
collected IGS RTS satellite clock corrections and repro-
cessed those GPS data in simulated real-time mode with the 
method described in Sect. 2. Table 1 shows the information 
of the selected GPS stations including the station ID and 
the distance between the epicenter and each station. The 
distribution of the selected GPS stations and the location of 
the epicenter are shown in Fig. 1.

Table 1   Information of the selected GPS stations

ID Distance (km) ID Distance (km) ID Distance (km) ID Distance (km) ID Distance (km)

AB06 910.5 AC06 436.2 AC28 695.6 AC53 649.0 AV11 455.6
AB07 716.3 AC08 427.3 AC29 420.5 AC61 979.1 AV17 461.8
AB12 825.1 AC09 513.5 AC32 620.9 AC62 808.8 AV18 459.27
AB13 583.5 AC11 652.7 AC33 752.4 AC63 859.4 AV24 1001.5
AB14 690.8 AC12 673.6 AC34 290.9 AC65 824.0 AV26 991.2
AB15 841.9 AC14 548.4 AC35 393.1 AC67 286.2 AV34 932.8
AB22 548.4 AC17 557.7 AC36 562.8 AC70 819.4 AV35 971.5
AB28 714.7 AC18 379.6 AC37 571.0 AC71 920.1 AV38 934.2
AB35 606.8 AC19 773.2 AC38 325.3 AC72 879.8 AV40 936.9
AB37 807.2 AC20 553.2 AC40 594.4 AC75 784.2 CLGO 994.6
AB42 716.1 AC21 624.0 AC43 397.7 AC77 777.8 EYAC​ 547.9
AB43 795.5 AC23 513.1 AC44 588.7 AC79 461.1 GRNX 876.8
AB48 899.4 AC24 544.6 AC46 684.9 AC80 731.9 SELD 417.4
AB50 920.4 AC25 836.4 AC47 503.1 ATW2 627.7 WIKR 851.2
AC02 330.4 AC26 394.3 AC51 636.1 AV01 458.1
AC03 454.2 AC27 474.0 AC52 546.0 AV04 457.9

http://www.unavco.org
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The dataset of 78 1 Hz GPS stations from GPS time 
07:00:00 to 11:59:59 on January 23, 2018, is processed in 
real-time PPPVE mode. The data are also handled in real-
time PPP kinematic mode as a comparison. The satellite 
elevation mask angle is set to 10°. The satellite coordinates 
calculated by the predicted part of IGU products and clock 
offset derived by RTS clock correction were adopted for 
real-time processing. The orbit product is available at a sam-
pling interval of 15 min. The coordinates of GPS satellites 
refer to “IGS14.” The “igs14_1958.atx” file data generated 
and released by IGS was used to correct the satellite phase 
center offset and variation. The tropospheric delay is cor-
rected for its dry component with the modified Hopfield 
model based on the meteorological parameters derived from 
the GPT2 model (Hopfield 1969; Lagler et al. 2013). The 
Vienna mapping functions (VMF) are used for the mapping 
functions of both the dry and wet parts according to the 
elevation angle of each satellite (Bohm and Schuh 2004). 
All remaining errors including Sagnac effect, relativity, earth 
tides, ocean loading and carrier phase windup are accounted 
for with sufficient accuracy using existing models (Petit and 
Luzum 2010). The precise coordinates of the stations are 
available in a software-independent exchange (SINEX) file 
provided by UNAVCO.

Figure 2 shows the comparison of displacements for a 
90 min interval (07:00:00–08:29:59) prior to the earthquake 
at AB06 station by GPS kinematic PPP and PPPVE solution. 
The displacements started to be integrated 120 s after the 
first epoch to reduce the influence of the offset by integrating 
the velocity in PPPVE. It clearly shows that the GPS kin-
ematic PPP can obtain the displacements with the accuracy 
of few decimetres prior to convergence. For GPS kinematic 
PPP solution, the coordinate parameters are correlated with 
the ambiguity parameters that cannot be estimated in a 
short time precisely and it needs approximately 30–60 min 
to achieve few centimeters accuracy (Su et al. 2019b). For 
PPPVE solution, it can quickly recover the displacements 

with centimeters accuracy. Though the derived coordinates 
may have a systematic bias compared to the true coordinates, 
this has no influence on displacement variation. The reason 
that the velocity parameters can be estimated precisely and 
rapidly in PPPVE is that they are not dependent on the ambi-
guities and just rely on the state equations.

Figure 3 depicts the distribution of the convergence time 
of PPPVE in unit of seconds. The velocity filter is considered 
to have converged when the velocity errors reach ± 0.01 m/s 
and keep within ± 0.01 m/s. The convergence time is the 
period from the first epoch to the converged epoch. The root-
mean-square (RMS) and standard deviation (STD) of the 
convergence time are calculated as statistical indicators. The 
mean convergence time for north, east and up component 
are 19, 22 and 31 s, respectively. The results are much bet-
ter than the PPP results so that the PPPVE can be used to 
determine the displacement in short time.

To further investigate the accuracy of velocity and inte-
grated displacement waveforms from real-time PPPVE, a 
1-h interval (UTC: 08:31:42–09:31:42) is selected before the 
earthquake event to calculate the velocity and displacement 
waveforms derived from PPPVE. The accuracy of posi-
tion differences from the real-time kinematic PPP solution 
is also calculated as a comparison to evaluate the effect of 
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multipath and some other station environment-independent 
error sources. In order to better analyze the accuracy of the 
horizontal and vertical component, the coordinates and 
velocities are converted from the global Cartesian system 
into the local coordinate system (north, east and up). The 
displacement series in PPPVE are shifted by the difference 
values between the selected first epoch value and true coor-
dinates for better analysis. The statistical results of velocities 
and position differences in 1-h session in the north, east and 
up component in PPPVE and PPP for 78 stations are summa-
rized in Table 2. The distribution of the RMS of velocities 
and position differences in the north, east and up component 
is shown in Fig. 4. There are still systematic fluctuations of 
1–2 cm in the horizontal component that could be caused 
by the errors of satellite orbit and clock offset and some 
other station environment errors in kinematic PPP solution. 
The RMS and STD of position difference in the vertical 
component is as usual larger because the height component 
estimates are influenced by the satellite constellation geom-
etry and strongly correlated with tropospheric delay (Su and 
Jin 2018). The RMS and STD values of velocities in three 
components of PPPVE solution are nearly the same. The 
mean integrated displacement RMS values are similar to 
the values in kinematic PPP, which indicates that real-time 
PPPVE is capable of detecting seismic waveforms with a 
horizontal accuracy of 0.2 cm s−1 and a vertical accuracy 
of 0.4 cm s−1. Kinematic PPP and PPPVE are both capable 
of detecting seismic displacement waveforms with ampli-
tude of 1–2 cm horizontally and 4–5 cm vertically, whereas 
PPPVE can detect the displacement waveforms with much 
faster convergence speed.

The data of seismic waveforms can provide an insight 
on the dynamic rupture process of the earthquake. The 
1 Hz data of stations AC67, AC38, AC02, AC18 and AC35 
(marked blue in Fig. 1) were selected to analyze the hori-
zontal displacement and velocity waveforms as the exam-
ples. The vertical components are neglected due to the 
large errors. The stations are arranged in terms of their 
distances from the epicenter to the position of the site, 
which are also reflected in different response times of the 
station movements. The displacement waveforms derived 
from PPP are also shown as a comparison. From Fig. 5, the 
systematic fluctuations are slower than the rapid position 

oscillations caused by the earthquake. The PPPVE dis-
placement waveforms are consistent with kinematic PPP 
displacement waveforms in the horizontal components. 

Table 2   Statistical results 
including RMS and STD 
of velocities and position 
differences

Orientation and 
method

PPPVE Kinematic PPP

Velocities (cm s−1) Displacements (cm) Displacements (cm)

RMS STD RMS STD RMS STD

North 0.25 0.25 1.9 1.1 1.2 1.1
East 0.18 0.17 1.7 1.0 1.2 1.0
Up 0.38 0.38 4.7 3.2 5.1 3.9

(a) Distribution of RMS of velocities in PPPVE

(b) Distribution of RMS of integrated displacements in PPPVE

(c) Distribution of RMS of position differences in kinematic PPP

0 0.4 0.8 1.2
0

10

20

30

40

50

60

70

80
North

P
er

ce
nt

ag
es

(%
)

0 0.4 0.8 1.2

East

RMS of velocities in PPPVE (cm/s)
0 0.4 0.8 1.2

Up

0 4 8 12
0

10

20

30

40

50

60

70

80
North

P
er

ce
nt

ag
es

(%
)

0 4 8 12

East

RMS of integrated displacement (cm)
0 4 8 12

Up

0 4 8 12
0

10

20

30

40

50

60

70

80
North

P
er

ce
nt

ag
es

(%
)

0 4 8 12

East

RMS of position differences in kinematic PPP (cm)
0 4 8 12

Up
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PPPVE solution using 1-h datasets collected at 78 selected 1 Hz GPS 
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values of positioning differences and velocities in 3 dimensions are 
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Hence, the method of real-time PPPVE can easily detect 
the displacement and velocity waveforms in amplitude at 
the selected stations. In the following sections, we will 
employ the velocity and displacement waveforms in the 
horizontal components derived from real-time PPPVE to 
estimate the earthquake magnitude, establish the prelimi-
nary relationship between the intensity and ground motion 
parameters and obtain permanent displacements for the 
Alaska earthquake.

4 � Seismic magnitude, density 
and permanent displacement

The PGDs provided by the GPS real-time PPPVE displace-
ment waveforms are used to determine the earthquake 
magnitude. The horizontal peak displacement is defined as 
vector summation of the north and east components of the 
displacements. Figure 6 provides an example of extracting 
the PGD amplitude using the north and east components on 
GPS site AC67 with an epicentral distance of about 286 km. 
The expected arrival times of the P wave and S wave are 
shown in the figure. The typical values of the compres-
sional and shear velocities in the crust (VP = 5.5 km s−1, 
VS = 3.2 km s−1) are used to calculate the expected arrival 
times of about 52 s and 89 s for P and S waves after the 
origin time, respectively (Stein and Wysession 2009). The 
maximum peak displacement amplitude appeared at 118 s 
after the origin time and the value is 9.1 cm, which is mainly 
because that the GPS peak displacement is caused by an S 
wave or surface wave rather than the P wave.

Earthquake magnitude is mostly used to describe the 
earthquake size. A number of ways can measure the mag-
nitude of an earthquake, such as Richter scale and moment 
magnitude scale (Richter 1935; Hanks and Kanamori 
1979). Here, we estimate the magnitude by the horizontal 
peak displacement derived from real-time PPPVE solution 
with the selected 1 Hz GPS data. The horizontal peak dis-
placement amplitude derived from GPS data can produce 
information with a high signal-to-noise, where broadband 
seismometers clip and accelerometer data cannot provide 
reliable displacement. The peak displacement recorded on 
the receiver is closely related to the earthquake magnitude 
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Fig. 5   Velocity and displacement waveforms by real-time PPPVE and 
kinematic PPP solutions at GPS stations AC67, AC38, AC02, AC18 
and AC35 during the Kodiak, Alaska Mw 7.9 earthquake on January 
23, 2018. The north and east components are, respectively, shown by 
red and green lines. The velocity and displacement waveforms in hor-
izontal component are shown in each subfigure
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and the epicentral distance. The general form for the mag-
nitude scales can be defined as follow (Lay and Wallace 
1995).

where A is the total peak horizontal displacement of the 
measured waves; T is the dominant period of the measured 
waves; a is the coefficient correction for epicentral distance 
Δ ; and b is a constant. In general, the coefficients are deter-
mined from regression analysis of a series of events. Guten-
berg (1945) deduced an empirical relationship between 
magnitude, peak displacement and distance based on strong-
motion records of the amplitude of surface waves from a 
set of earthquakes occurred in California. This empirical 
formula is:

where A is the peak horizontal displacement derived from 
surface waves in units of micrometer; Δ is the epicentral dis-
tance in unit of degree; and M is the earthquake magnitude.

Thus, we use Eq.  (14) to calculate the earthquake 
magnitude using the epicentral distance and peak hori-
zontal displacement derived from real-time PPPVE solu-
tion. Comparison between the magnitude computed with 
Eq. (14) and reference magnitude (M = 7.9) released by the 
U.S. Geological Survey (USGS) is shown in Fig. 7. The 
average value of the calculated magnitude is 7.97, and the 
STD is 0.18. The average deviation between the calculated 
magnitude and the reference magnitude is 0.07, showing a 
great consistency and agreement with the expected mag-
nitude. It is worth noting that there is a small but clear 
trend in the magnitude estimate as a function of epicentral 
distance, which is not too surprising given that the coef-
ficients used are a global average.

Furthermore, the relationship between the peak displace-
ments and epicentral distance as a function of magnitude M 
can be rewritten according to Eq. (14).

(13)M= lg(A∕T) + a lg(Δ) + b

(14)M= lg(A) + 1.66 lg(Δ) + 2.0

To further check the suitability of the method, the 
expected peak displacements for magnitudes M7.6, M7.9 
and M8.2 and the epicentral distance according to Eq. (15) 
are computed. The peak horizontal displacements derived 
from the selected stations are plotted as function of epicen-
tral distance, which are shown in Fig. 8. It is clear that the 
recorded peak displacements scatter around the expected 
line of M7.9, with a slight tendency toward higher magnitude 
values, and the formula seems rather suitable to determine 
the earthquake magnitude by GPS displacement waveforms.

The seismic intensity is also an important factor to 
describe the damage of an earthquake. The government can 
focus emergency rescue response and alleviate the damage 
based on distribution of the seismic intensity. The rela-
tionship between the seismic intensity and ground motion 
parameters (PGD and PGV) can be used to estimate the 

(15)A = 10M−2.0
⋅ Δ−1.66
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Fig. 7   Comparison between the calculated magnitude and reference 
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resents the reference magnitude M7.9
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seismic intensity. The USGS Intensity Map relied largely 
on empirical ground motion prediction equations to map out 
shaking intensities. The USGS Community Internet Inten-
sity system, known as “Did You Feel It” (DYFI), produced 
rich spatially intensity data used to augment instrumental 
data for Alaska earthquake. Figure 9 shows the distribution 
of intensity and selected GPS stations for Alaska earthquake. 
Only a handful of strong-motion instruments were operating 
during the earthquake. The GPS ground motion parameters 
and USGS intensity datum can be used to establish a pre-
liminary relationship between these parameters.

The relationship between the seismic intensity and ground 
motion parameters can be different for each earthquake 
(Worden et al. 2012). There are 18 selected GPS stations in 
the region of intensity 2, 3, 4 and 5 altogether. The relation-
ships between macro-intensity and PGD and PGV based on 
GPS data are shown in Fig. 10, which are expressed as.

where Dg and Vg are PGD and PGV values provide by real-
time PPPVE, respectively. The method of extraction of PGV 
is similar to the method of PGD. The result shows that the 
peak values of GPS data can transform to the intensity of the 
earthquake. Considering that the statistical data is limited 
now, this preliminary relationship can just provide a refer-
ence for Alaska earthquake and needs more station data in 
the future.

In addition, the permanent displacements are obtained 
according to the co-seismic displacements derived from GPS 
real-time PPPVE solution and determined by the difference 
between the moment of the event and the 30 min afterward. 
Figure 11 displays the horizontal permanent displacements 
of the selected GPS stations, which proves that the PPPVE 
solution can fully meet the requirement for the real-time 

(16)I = 5.66 × lg(Dg) − 0.94

(17)I = 5.30 × lg(Vg) + 2.11

seismic monitoring of permanent displacements. To evalu-
ate the reliability of the derived permanent displacements 
from GPS real-time PPPVE solution, the final permanent 
displacements provided by the UNAVCO GPS Analysis 
Center Coordinator (ACC) (https​://www.unavc​o.org/highl​
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ights​/2018/alask​a.html) are utilized, which are estimated by 
the accelerometer and GPS daily solution during the earth-
quake. Figure 12 shows the difference of PPPVE-derived 
displacements and the final permanent displacements for 
the north and east components, respectively, for 60 selected 
stations. Some of the stations are not shown here for their 
permanent displacements are not provided by the UNAVCO. 
The results show that the RMS values of the differences are 
5.1 and 7.5 mm for the north and east components, respec-
tively. The permanent displacements of the selected station 
derived from GPS real-time PPPVE are similar to the results 
provided by UNAVCO.

With regard to detailed displacements of the selected sta-
tions from real-time PPPVE solution, the nearest station to 
the epicenter, AC67, is significantly influenced by the earth-
quake. AC67 (marked red in Fig. 11) shifted 1.5 cm to the 
north and 0.7 cm to the west. The displacements of some sta-
tions closed to epicenter is not obvious. For example, AC38 
(marked yellow in Fig. 11), which is 325.3 km away from 
the epicenter, shifted 0.4 cm to the north and 0.5 cm to the 
west. In total, 62.8% of the selected station shifted toward 
to the north and 97.4% of the stations shifted toward the 
west. It is evident that nearly all the stations show westward 
movement and the stations near the North America plate 
show southward movement. The reason is that the North 
America plate is converging with the Pacific plate toward the 
southwest. Since the Alaska occurred as the result of strike 
slip faulting within the shallow lithosphere of the Pacific 
plate, the orientation of faulting is consistent with trench 
normal compression, in which the stress field is expected 
for a subduction thrust environment.

5 � Conclusion

The PPPVE approach for real-time GNSS seismology using 
a single receiver is presented. The performance of PPPVE 
approach is validated using 1 Hz UNAVCO data collected 
during the 2018, Mw 7.9 Alaska earthquake. When real-
time precise orbit and clock corrections are available, the 
mean convergence time of PPPVE for north, east and up 
components are 19, 22 and 31 s, respectively. The conver-
gence speed of PPPVE is much faster than kinematic PPP 
and PPPVE can be used to determine the displacement in 
short time. The RMS values of velocities in the north, east 
and up components in PPPVE solution are 0.25, 0.18 and 
0.38 cm s−1, respectively. The RMS values of integrated dis-
placements in the three components are 1.9, 1.7 and 4.7 cm, 
respectively. The results indicate that the kinematic PPP and 
PPPVE are both capable of detecting seismic displacement 
waveforms with amplitude of 1–2 cm horizontally, whereas 
PPPVE can detect the displacement waveforms with faster 
convergence speed.

The PGDs provided by the real-time PPPVE displace-
ment waveforms are used to determine the earthquake mag-
nitude. The estimated magnitude of Alaska earthquake is 
Mw = 7.97 ± 0.18, which has a great consistency and agree-
ment with the expected magnitude. Besides, the preliminary 
relationship between seismic intensity and ground motion 
parameters is established based on the USGS intensity 
datum. The derived displacements are also used to obtain 
permanent displacements induced by the earthquake, which 
are similar to the UNAVCO results. Statistics show that 
62.8% of the selected station shifted toward to the north and 

Fig. 12   The difference of 
PPPVE-derived displace-
ments and the final permanent 
displacements for the north and 
east components, respectively, 
for 60 selected stations
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97.4% of the stations shifted towards the west, which can be 
explained that that the North America plate is converging 
with the Pacific plate towards the southwest.
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