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ABSTRACT: The rapid estimation of the magnitude of an earthquake is an essential part of an earthquake 
early warning system (EEWS), which is used to respond to earthquake shaking and the possible arrival of a 
tsunami. This research is the first in Indonesia to use Global Navigation Satellite System (GNSS) as part of an 
EEWS. Three high-rate GNSS datasets were processed using the precise point positioning post-processing 
method, which resulted in a peak ground displacement (PGD) and peak ground velocity (PGV) value due to 
the Lombok earthquake on August 5, 2018. The results showed that the magnitude of the PGD from the station 
closest to the earthquake source (KDOO) was Mw 6.6 within eight seconds of the original time, while that at 
the farthest location (CMAT) reached Mw 6.9 within 18 seconds of the original time. At the CMAT station, 
we also estimated the magnitude using PGV, which showed results consistent with the PGD data. These results 
confirm the potential use of the PGD and PGV data obtained from high-rate GNSS to estimate earthquake 
magnitudes rapidly as part of an EEWS. 
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1. INTRODUCTION 
 

In recent decades, Indonesia has experienced 
several earthquakes and tsunamis, including in 
Sumatra on December 26, 2004 (Mw 9.1), 
Mentawai on October 25, 2010 (Mw 7.8), and Palu 
on September 28, 2018 (Mw 7.5). Because these 
earthquakes and tsunamis have resulted in 
significant loss of life as well as economic losses, 
obtaining rapid magnitude information through 
EEWSs has become crucial. EEWSs speed up the 
decision-making process, thereby reducing the 
impact of earthquake shaking and tsunami 
evacuation process [1–2].  

Typically, EEWSs use seismic data to estimate 
the main parameters of an earthquake, such as 
horizontal location, magnitude, and depth [3–6]. 
However, many studies have shown that using only 
seismic data for EEWSs can lead to magnitude 
saturation problems, especially for earthquakes 
with large magnitudes [4], [7–8]. The P wave in the 
initial seconds used to estimate the earthquake 
magnitude does not carry enough information to 
determine whether the earthquake will end as a 
magnitude 7, 8, or even 9. Furthermore, the time 
required to estimate the magnitude of an earthquake 
using seismic data relies heavily on the duration of 
the earthquake rupture process, which can be longer 
than 30 seconds for earthquakes above magnitude 8. 

Research on and the implementation of GNSS 
in EEWSs have aimed to avoid magnitude 
saturated-related problems, such as the ShakeAlert 

system maintained by the United States Geological 
Survey (USGS) [9], Geodetic Alarm System [10], 
Bayesian Evidence-based Fault Orientation, Real-
Time Earthquake-Slip [11], Geodetic First 
Approximation of Size and Timing [12], and Real-
Time on the GNSS Earth Observation Network 
Analysis System for Rapid Deformation 
Monitoring [13]. GNSS can be conceptualized as a 
strong motion displacement sensor detecting long 
period waves, up to period 0 (static offset), so it can 
be an ideal complement to a seismometer. 

The use of high-rate GNSS data to produce the 
waveform displacement required to capture the full 
complexity of ground motion has long been 
recognized [14–15]. This method enables real-time 
GNSS data and rapid magnitude to be obtained 
before the earthquake rupture is complete [8–16]. It 
is also used to obtain moment tensors [12], [17–18] 
and slip distribution [19–20]. Therefore, given the 
many potential benefits of high-rate GNSS data, 
they are now starting to become part of EEWSs 
[13], [21–22]. 

Although the use of GNSS as part of EEWSs has 
become increasingly popular, it has never been 
implemented in Indonesia, whose earthquake 
sources have various mechanisms. This research is 
the first in Indonesia to carry out a test using high-
rate GNSS observations from the 2018 back-arc 
thrust zone Lombok earthquake. The analysis was 
carried out in three HR-GNSS stations during the 
earthquake (Mw 6.9 on August 5, 2018; 11:46:37 
UTC) [23]. The Meteorological, Climatological, 

International Journal of GEOMATE, Oct., 2022, Vol.23, Issue 98, pp.57-65 
ISSN: 2186-2982 (P), 2186-2990 (O), Japan, DOI: https://doi.org/10.21660/2022.98.3438 
Geotechnique, Construction Materials and Environment 
 



International Journal of GEOMATE, Oct., 2022, Vol.23, Issue 98, pp.57-65 

59 
 

and Geophysical Agency (BMKG) stated that the 
August 5, 2018, Lombok earthquake was the 
mainshock, while the earthquake on July 28, 2018, 
was the preshock. It released a tsunami warning for 
the second earthquake, later canceled at 13:25 UTC 
[23]. 

Unlike countries implementing an EEWS, 
Indonesia has a limited network of seismometers 
and GNSS observations. For example, Japan has 
one CGPS for every 280 square kilometers, while 
Indonesia has about one for every 9,000 square 
kilometers. The limited number of CGPS 
observation points will affect the speed and 
accuracy of the earthquake magnitude estimation. 
In addition, the earthquake source and the CGPS 
point will be far apart, and there will be a minimum 
detectable magnitude limit on a network with a 
small number of observations. This study uses the 
case of the 2018 Lombok earthquake, with a 
magnitude of 6.9. This case provides important 
information on preparing the EEWS based on 
GNSS data, especially for the case of an earthquake 
of a small magnitude and a limited number of 
observation stations. 

 
2. DATA AND METHODS 
 

This study analyzed three GNSS data recorded 
on the island of Lombok (Fig. 1). The CMAT point, 
which is located in the southwestern part of the 
island, is used as part of the Indonesian 
Continuously Operating Reference Station network 
managed by the Indonesian Geospatial Information 
Agency. The KDOO and PGRJ points located in the 
northern part of Lombok are continuous GNSS 
stations installed by the Faculty of Earth Science 
and Technology. All observation points have the 
capability to observe GNSS data in high frequency 
(1 Hz). 

The CMAT station is located ~52 km from the 
epicenter of the second Lombok earthquake (Mw 
6.9), while the KDOO and PGRJ are located about 
~12 km and ~24 km away, respectively. The 
observation network, which is located far from the 
earthquake source and has a small number of points, 
is not ideal for detecting earthquakes with a 
magnitude below 7. However, this study provides a 
unique opportunity to test the capability of GNSS as 
part of an EEWS with limited network conditions. 

The data-processing code derived from the 
precise point positioning approach described by 
[26–27] was used to obtain a 1 Hz coordinate time 
series solution. In addition to this approach, the 
final satellite orbit, phase and bias clocks, and a 
second ionospheric correction product generated by 
GeoForschungs Zentrum were used to obtain a 
coordinate solution to resolve integer ambiguities. 
The latest International GNSS Services antenna 
phase center model, code bias model, solid earth 

tide, ocean tidal displacement, and pole tide model 
were also used. The Vienna Mapping Function 3 
[28] was used to project tropospheric zenith delays 
in slanting directions. 
 

 
 
Fig. 1 The distribution of the three HR-GNSS 
stations and earthquake epicenters. The focal 
mechanisms and earthquake locations are obtained 
from the USGS, with 28J (July 28, 2018), 05A 
(August 5, 2018), and 19A (August 19, 2018). The 
colored circles represent the aftershock events [24] 
and the topography data from the Shuttle Radar 
Topography Mission (SRTM15+V2.1) [25]. Inset is 
the regional position of the study area in Indonesia. 
 

The global coordinates solution with respect to 
International Terrestrial Reference Frame 2014 [29] 
were projected into topographical coordinates to 
derive the local waveform displacements in the 
north, east, and up components, as shown in Figs. 
2–4. Using Equation (1), the PGD value is 
calculated based on the three-component 
displacement waveform [8]: 
 
𝑷𝑮𝑫 = %𝒏𝒅(𝒕)𝟐 + 𝒆𝒅(𝒕)𝟐 + 𝒖𝒅(𝒕)𝟐      (1) 
 
with the PGD in meters. Here, 𝒏𝒅(𝒕), 𝒆𝒅(𝒕), and 
𝒖𝒅(𝒕)  are the north, east, and up waveform 
displacements at time t, respectively. Rapid 
earthquake moment as a function of rupture time  is 
calculated using the relation formula between the 
moment magnitude and PGD proposed by [8], as 
shown in equation (2) 
 
𝒍𝒐𝒈(𝑷𝑮𝑫) = 𝑨 + 𝑩 ×𝑴𝒘 + 𝑪 ×𝑴𝒘 × 𝒍𝒐𝒈	(𝑹)      (2) 
 
where A, B, and C denote the regression 
coefficients, Mw is the moment magnitude, and R is 
the hypocentral distance from the GNSS 
observation station to the earthquake source in km. 
 



International Journal of GEOMATE, Oct., 2022, Vol.23, Issue 98, pp.57-65 

60 
 

 
 
Fig. 2 KDOO waveform displacements: (a) north–
south (NS), (b) east–west (EW), (c) up–down (UD), 
and (d) 3D displacement from the original time 
(11:46:37 UTC). 
 

Furthermore, the regression coefficients 
obtained from [21], with values of -6,687, 1500, and 
-0.214 for A, B, and C, respectively, were used to 
determine the moment magnitude using the 
displacement waveform PGD. The standard error of 
magnitude estimation is 0.27 magnitude units. The 
regression parameters are built on worldwide 
observations, but most subduction zone earthquake 
events are not recorded by the GNSS at hypocenter 
distances less than 80 km. Therefore, the current 
regression parameters may not be fully appropriate 
for the 2018 Lombok earthquake. 
 
3. RESULTS  

 
Using waveform displacement time series (Figs. 

2–4), the static horizontal coseismic offset was 
calculated by subtracting the average displacement 
between 50 and 300 s from the value at the original 
time (Fig. 5). Static offset data can be used to 
estimate coseismic slip distribution in the 
earthquake fault plane. The slip distribution 
information becomes the input for the calculation of 
a realistic earthquake magnitude and is used as a 
comparison for the rapid calculation of the 
earthquake magnitude. The maximum static offset 
for 05A was 3.8 cm, 4.0 cm, and 8.1 cm for the 
KDOO, PGRJ, and CMAT stations, respectively. 

 

 
 
Fig. 3 PGRJ waveform displacements: (a) north–
south (NS), (b) east–west (EW), (c) up–down (UD), 
and (d) 3D displacement from the original time 
(11:46:37 UTC). 
 

 
 
Fig. 4 CMAT waveform displacements: (a) north–
south (NS), (b) east–west (EW), (c) up–down (UD), 
and (d) 3D displacement from the original time 
(11:46:37 UTC) 
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Fig. 5 The horizontal coseismic static offset 
calculated from the average waveform 
displacement. 
 

The static offset estimated from the vertical 
component has a higher signal-to-noise ratio than 
that of the horizontal component. Therefore, 
horizontal data is used to analyze the distribution of 
slips. The CMAT offset confirms the previous 
report [30] using the GNSS method of static daily 
solutions. The results from the daily solution may 
be influenced by short-term postseismic 
deformation, and averaging the initial data from 
high-rate observations will produce more realistic 
coseismic values.  

Northward displacement was detected at all the 
observation stations. The deformation pattern 
showed that the earthquake had a vertical fault 
mechanism and was related to the activity of the 
Flores back-arc thrust [30]. It is interesting to note 
that the most considerable coseismic offset value 
was detected at the observation point furthest away 
from the earthquake epicenter (CMAT). This 
indicates that the back-arc thrust earthquake slip is 
not only concentrated in the north but also reaches 
the south. And the magnitude of the slip in the south 
is indicated to be greater than in the north. 

The displacement time series (Figs. 2–4) for the 
CMAT and PGRJ observation points showed that 
the vertical component was less sensitive to the 
Lombok earthquake. Vertical deformation was only 
detected at the KDOO observation point, less than 
five seconds after earthquake initiation. This 
indicates the beginning of the earthquake rupture 
starting in the north. Then, the slip spreads to the 
south, where the lower end of the earthquake fault 
plane does not reach the observation stations in the 
south (PGRJ and CMAT). All observation stations 
detect earthquake shaking with a duration of not less 
than 50 seconds. The most prolonged shock 
detected was in CMAT, over 75 seconds, which 

could indicate that the slip was longer or that the 
local site effect implicated the duration of the 
shaking. The trend of the PGD magnitude was 
calculated using the 3D waveform displacements 
and hypocentral distances. The average PGD 
magnitudes were 6.4, 6.4, and 6.9 from the KDOO, 
PGRJ, and CMAT 3D waveform displacements, 
respectively (Fig. 6). The estimation results from 
the three observation stations showed a difference 
in magnitude of 0.5. This difference was also found 
in the analysis of the Aegean Sea (Mw 6.58) and 
Mentawai (Mw 7.49) earthquakes [16]. 

The difference in magnitude could be due to the 
regression parameters used [21] for the mechanism 
of the thrust fault earthquake from the observation 
point further than 40 km [16], as the distance 
between the KDOO and PGRJ stations was less 
than 15 km for the Lombok earthquake. The 
distance from the CMAT observation point to the 
epicenter was about 52 km, a distance at which the 
magnitude was close to the estimate from the 
seismic data. Another possible cause of the 
difference in magnitude values is the regression 
parameter used [21], which is estimated based on 
earthquake data with a magnitude above Mw 7.5 
and has low sensitivity for smaller earthquakes. 

An earthquake with a magnitude close to 7 has 
a source time function of fewer than 40 seconds. In 
the case of the Aegean Mw 6.87 earthquake, the 
time required to estimate the magnitude based on 
PGD data is 40 seconds [21]. This study resulted in 
a faster magnitude estimate (Fig. 6) at 8–18 seconds. 
This is because the GNSS observation network used 
in this study is very close to the earthquake’s 
epicenter. 

 

 
 
Fig. 6 Time series PGD magnitude from the 3D 
waveform displacement for each site and BMKG 
magnitude estimation. 

 
The magnitude comparison is shown in Table 1, 

which shows that the initial estimated magnitude 
from the BMKG was Mw 6.4 at 120 seconds after 
the earthquake. This is an underestimation of the 
true magnitude and is similar to the initial estimate 
of 8 seconds from the GNSS observations. The 
BMKG updated the earthquake magnitude at 150 
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seconds, which resulted in a magnitude of Mw 6.8; 
this result is similar to the PGD results at the CMAT 
station at 18 seconds. A more stable magnitude 
estimation result from various international 
institutions (GCMT and USGS) is Mw 6.9, but it 
needs a longer computational time because it 
requires observation data from more seismic 
networks from various regions of the world. 
Earthquake magnitude can also be estimated based 
on PGV data using a regression model [21]. To 
obtain the site velocity time series, we used a 
variometric approach implemented in the SNIVEL 
software [32]. 
 
Table 1 Magnitude comparison 

Magnitude 
(Mw) 

Reference Remark 

6.4 
7.0 

BMKG 
BMKG 

1st Estimat 
Update 

6.9 GCMT - 

6.9 USGS - 
6.4 This study KDOO average 
6.4 This study PGRJ average 
6.9 This study CMAT average 

 
Figs. 7 and 8 show the velocity waveform at the 

CMAT stations. After the earthquake, all the 
components experienced fluctuating velocity, with 
vertical velocities less sensitive than horizontal 
velocities. The results from horizontal velocity are 
relatively more sensitive to earthquake signals than 
displacement observations (Fig. 7). Seismic signal 
patterns are seen in all components from the 
horizontal direction, with the maximum value 
detected at 18 seconds. The vertical component of 
velocity can detect seismic signals better than using 
displacement observation data. Fig. 7 shows that the 
velocity time series does not show significant 
fluctuations and the noise level is rather constant. 
This time series characteristic of the velocity allows 
the detection of seismic waves using a simple 
filtering process. We extract the PGV from the 
three-component velocity waveform as 

 
𝑷𝑮𝑽 = %𝒏𝒗(𝒕)𝟐 + 𝒆𝒗(𝒕)𝟐 + 𝒖𝒗(𝒕)𝟐      (3) 

 
where nv(t), ev(t), and uv(t) are the north, east, 

and top velocity waveforms, respectively. After the 
regression coefficients were determined, we applied 
the PGV scaling law to calculate the earthquake 
magnitude. The maximum magnitude of PGV (Fig. 
8) was 6.5 cm/s, using a regression coefficient (A = 
5.025, B = 0.741, and C = 0.111) [31], resulting in 
an Mw value of 6.97. These results indicate that for 
the CMAT stations, both the PGD and the PGV can 
provide reasonable estimates of earthquake 
magnitudes that are consistent with those obtained 

from seismological methods. Results [33] for 
magnitude estimation using only one CMAT station 
produce a magnitude value of Mw 6.6 in the first 10 
seconds. Using a single station [33] has a 
disadvantage because the geometric constraint in 
estimating the magnitude parameter is very weak. 

 

 
 
Fig. 7 Velocity time series results at the CMAT 
stations.  
 

 
 
Fig. 8 PGV results at the CMAT stations. The red 
dot shows the maximum observed PGV. 
 
4. DISCUSSION 

 
4.1 Magnitude Estimation from Static Analysis 
The moment magnitude of the earthquake is 
estimated using the distribution of the slip on the 
earthquake plane. The slip distribution of 
earthquakes is heterogeneous and depends on the 
stress conditions and rock mechanic properties. The 
slip distribution from an earthquake reflects the 
stress release during an earthquake and helps detect 
changes in stress in the surrounding area [34]. We 
modeled the static offset displacement (Fig. 5) 
using fault dislocations in a homogeneous elastic 
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half-space [35]. We fixed the depth, strike, and dip 
angle of the fault according to [36]. We employ a 3 
x 3 km discretization of the fault plane. Our analysis 
suggests that the earthquake has a maximum 
coseismic slip of 200 cm (Fig. 9) and earthquake 
magnitude of Mw 6.92. This estimated coseismic 
slip is larger than the estimation from InSAR data 
[36], but consistent with the result obtained by 
USGS. This difference is probably due to the very 
limited number of GNSS observation data used in 
the inversion process. 
 

 
 
Fig. 9 Coseismic slip distribution obtained from 
static offset displacement. 
 

The magnitude estimation results using static 
data are consistent with the results from high-rate 
analysis. These results show that, although the rapid 
estimation cannot be used to calculate the slip 
distribution, the magnitude estimation obtained, 
even with a limited number of observations, is 
adequate to be used as a basis for earthquake early 
warning. 
 
4.2 Real-Time Implementation 

This warning system will be helpful if it can 
detect and characterize earthquake events quickly. 
However, it must be able to disseminate quickly. It 
can then be used as a basis for decision-making by 
the community. This study uses a post-processing 
algorithm in its analysis, and it is a challenge to be 
able to do it in real time. 

We also analyzed the time required to estimate 
the earthquake magnitude from HR-GNSS using 
only the CMAT station data. The BMKG seismic 
station detected event 05A within 69 seconds (1.15 
minutes) of the original time. BMKG automatically 
estimated the initial magnitude of Mw 6.41 at 118–
119 seconds (~1.98 minutes), officially released at 
150 seconds (~2.5 minutes) after the original time 
(Fig. 6). Meanwhile, the CMAT PGD reached Mw 
6.9 within 18–20 seconds of the original time, with 
an average magnitude of 6.9. 

These results show that the time needed to 

estimate the magnitude of the PGD is less than that 
needed to estimate the magnitude of the seismology. 
This result is achieved by kinematic post-
processing, when all the data, orbit, and clock 
corrections are already available, which takes time 
to set up. Methods based on GNSS data have the 
potential to complement seismic observations. To 
implement this method in real time, we must 
consider the quality of the communication data 
from the GNSS station to the processing server, 
real-time processing methods, and various factors 
related to the type of orbit. In addition, we must 
build a regression coefficient that includes 
observations close to the earthquake source. 

The 1 Hz CGPS observation data can contribute 
to the EEWS by estimating the PGD magnitude 
scaling and PGV. In addition, because PGVs 
correlate well with damage and shaking intensity, it 
is very important to be able to estimate it in real time. 

 
5. CONCLUSION 

 
This research used GNSS waveform 

displacements to estimate the magnitude of the 
Lombok earthquake that occurred on August 5, 
2018, using the PGD and PGV scaling law. The 
results showed that, using the post-processing 
method, the PGD and PGV magnitude of this 
earthquake reached Mw 6.9 within 18 seconds of 
the original time, with an average value of Mw 6.9 
from ~5 minutes of data. The value of this 
magnitude is confirmed by the slip distribution 
obtained from the inversion of static GNSS data 
processing. Further studies must be carried out to 
find ways to estimate the PGD magnitude in real 
time based on the quality of the communication 
data, real-time GNSS processing methods, and 
distributions of the GNSS stations. 
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