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ABSTRACT - Peninsular Malaysia is situated on Sunda Plate, that moves 2-3 cm/year, Received : 15" Oct. 2024
causing coordinate change in national datum. Maintenance of the national datum is necessary Revised @ 11" Nov. 2024
by considering the crustal deformation rate of Sunda plate, also known as site velocity. The Accepted 05" Dec. 2024
site velocity can be quantified by using space-based technique which can be facilitated by Published @ 02" May 2025
Global Positioning System Continuously Operating Reference Station (GPS CORS) networks.
This study aims at investigating crustal deformation in Peninsular Malaysia. The objectives KEYWORDS
include generating precise geodetic baseline vectors between Malaysian Real Time Kinematic Sunda land
GPS Network (MyRTKnet) and International GNSS Service (IGS) stations, providing trend of Earth Centered Earth Fixed
crustal deformation via International Terrestrial Reference Frame (ITRF) coordinate time Coordinate time series
series at MyRTKnet station and analysing the magnitude and direction of tectonic plate Plate motion
movement in Peninsular Malaysia. Raw GPS and ephemerides data at MyRTKnet and I1GS Euler pole

stations has been utilized to generate the baseline vectors using Bernese GNSS Software
5.2. The precision of coordinate time series has been achieved at 1.393cm. Network
adjustment has been performed by using these baseline vector network to generate high
precision coordinate time series in ITRF. The changes of coordinate in horizontal and vertical
components have been estimated based on site velocity with precision 0.5172cm. From the
site velocity, each station moved to south-eastward at 1-2cm/year according to the 6 months
processing. This study also attempted to calculate Sunda plate rotation from the estimated
site velocities. The angular momentum of Sunda plate rotation was found at 45°26°06” N,
125°32'56" E with rotation at £ 355.3586°. The output of the study can be used as time
dependency model for maintaining national datum of Malaysia.

1. INTRODUCTION

A national reference frame is essential for achieving precision, consistency, and traceability in surveying and mapping,
forming the backbone of spatial data infrastructure and supporting applications critical to sustainable development and
decision-making [1]. It has components of coordinate systems for Cartesian and Geographical positioning which depends
on the mobility of the plates [2]. Those are the important aspects of plate tectonics where the knowledge about the plate
motion and its temporal changes is the key for maintaining the uniformity of the Terrestrial Reference System (TRS).
Earlier works in the Sunda land region concerning the countries such as Malaysia, Thailand and Indonesia have assumed
the tectonic coupling and surface uplift [3]. This is supported by continuous Global Positioning System (GPS) velocities
that assist in improving site velocities and therefore improve the understanding of crustal movements in the region.

Keeping a national reference frame is required to accurately measure the Earth’s steady motion caused by plate
tectonics [4]. This maintenance involves correcting coordinates obtained at the time of plate movements, and thus it entails
crustal deformation modeling to enable the use of space positioning methods such as GPS. Ongoing site velocity
estimation improves the plate motion modeling using site velocity as a measure of current crustal deformation trends.
While the Southeast Asia’s Global Positioning System Continuously Operating Reference Station (GPS CORS) network
has often been employed in the research for site velocity estimation, there are relatively few studies on Sunda land [5, 6,
7]. Therefore, it is necessary to estimate site velocity using the most recent data to enhance the knowledge of tectonics of
the area.

High-precision GPS technology has improved various industries by providing precise and up-to-date positioning data.
To obtain high precision GPS derived Coordinate Time Series (CTS), a few prerequisites must be considered: 1) GPS
data analysis that addresses the challenges in analyzing GPS observation and suggests solutions; and 2) Terrestrial
reference frame [8]. Deformation quantification on earthquakes requires careful observation and analysis [9]. High
precision GPS applications typically require accurate and reliable data to achieve precise positioning. The application of
the GPS techniques in structural integrity monitoring have been addressed frequently. The International Terrestrial
Reference Frame (ITRF) is the system that creates the reference frame that will be suitable to use for measurement on
Earth’s surface [10]. ITRF was developed by International Earth Rotation and Reference Systems Service (IERS) that
covers all areas on the Earth’s surface.
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This research study aims at investigating crustal deformation in Peninsular Malaysia. To achieve the aim of the
research, there are several objectives that need to be achieved. The objectives include (1) To generate coordinate time
series at MyRTKnet station by using high precision coordinate software [11]; (2) To estimate site velocity at MyRTKnet
station [12]; (3) To evaluate the magnitude and direction of tectonic plate movement in Peninsular Malaysia [13]. This
paper is divided into four (4) sections. Section 1 is the introduction which covers the background of study, problem
statement, literature review and aim and objectives. Section 2 is the methodology that covers the 3 phases in this study
which are GPS-derived CTS, Site Velocity Estimation and Euler pole Parameter Estimation. Section 3 contains the result
and analysis fulfilling the 3 objectives stated in this study and followed by Section 4, the conclusion and
recommendations.

1.1  GPS-derived Coordinate Time Series

In this phase, baselines have been processed and CTS for each station has been derived. GPS coordinate time series
for MyRTKnet stations is obtained in this work using GPS raw RINEX data comprising L1 and L2 signals from 6 months
of weekly observation from DoY 001/2020 to DoY 176/2020 at ten (10) MyRTKnet stations and thirteen (13) 1GS
stations. Figure 1 shows the distribution of selected IGS and MyRTKnet stations respectively [14].
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Figure 1. Distribution of selected 1GS and MyRTKnet Stations

A highly precise scientific processing software, Bernese GNSS Software 5.2, was used to process the GPS data. To
minimize the errors, the precise orbit, ionosphere, and Earth Orientation Parameters (EOP) parameters were used. The
baseline between stations was established using obs-max processing strategy to ascertain the measurements that were
being taken. In phase pre-processing, cycle slip cleaning and repair were performed and saastamoinen model is applied
for correcting tropospheric delay. Ambiguity resolution is carried out based on distance of baseline such as sigma is used
for baseline less than 20km and Quasi lonosphere-Free (QIF) used for baseline more than 20km [15].

The ambiguity resolved measurements are then used to estimate the weekly coordinate. Finally, a coordinate time
series is obtained, and this series depicts the variation in coordinates at each GPS site at a given period. This data relates
to the relative motion of the earth’s crust at locations which are important for estimating site velocity.

1.2  Site Velocity

The output of this phase is the velocity in the local topocentric coordinate system. Coordinate conversion from Earth-
Centered Earth-Fixed (ECEF) Coordinate System to Geographical Coordinate System has been performed, followed by
the Local Topocentric Coordinate System in Northing, Easting and Up components using MATLAB.

The statistical method is used to estimate the velocity of each site. By applying linear regression to the coordinate
time series data, the rate of change in the north (V) and east (V) directions can be determined. Linear regression is
particularly effective for GNSS data because it minimizes random errors by fitting a line through noisy observations,
providing a stable estimate of the movement trend in each component [16,17]. The slope of the regression line in each
direction directly reflects the site’s velocity, giving insight into both the rate and direction of tectonic or structural
displacement. These estimated velocities in the north and east directions are essential for understanding the movement
patterns of the tectonic plates in the study area [18].
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Linear regression is performed using a general equation as shown in Equation (1). On the other hand, Equation (2)
and (3) indicate the mathematical representation for the linear fitting model for Northing and Easting components
respectively.

P=vt+c 1)
PN:—{] + EP‘\.' = l—’ﬂt‘\r + Car (2)
PE?J + E'PE = f.’)th + Cg (3)

where t is time in day of year and P are the position of a point, ¢ is the residual, v is the slope of a line and ¢ is the y-
intercept at t=0.

As the measurement contain errors, the equations for the four points A, B, C, and D are written as:

PNty +epy = vig+ b
PNitg+e&pg = vig +b
PN+ spr= vic+Db
PNty + gpp = Vip+ b 4

Equation 4 contains two unknowns, v and ¢, with four observations. Their matrix representation is:

AX=L+V (5)
where:
ty, 1 PNt, €pa
_ tg 1 _[v _ PNtB _ Epp
A=l 1| X7 [c] L=1pne | V= [epe (6)
tp 1 PNtp €pp

The X-matrix can be computed with the equation written as:
X=ATWA)TATWL @)
where W is the weight matrix.

The final computed value of v in X-matrix shows the site velocity of the station. The horizontal displacement of the
station and its direction can be computed with equation written as:

Horizontal displacement = VVn? + Ve? 8)
Direction of displacement = tan™! (Z—e) +a 9)

where Vn is the velocity in north component, Ve is velocity in east component and o is constant in quadrant I (0°), 11
(180°%), IIT (180°), and IV (360°).

1.3  Euler Pole Parameter Estimation

In this phase, a localized plate motion model is developed or refined based on the estimated site velocities. MORVEL-
2010 is used to predict the movement of the tectonic plates over time. The estimated velocities from the GPS data are
compared with the velocities predicted by the plate motion model. This comparison helps in validating the accuracy of
the local model. The differences between the estimated and predicted velocities are calculated to obtain the residuals.
These residuals (AV for the north direction and AVe for the east direction) indicate the discrepancies between MORVEL-
2010 and regional model [19].

2. METHODOLOGY

The methodology of this study has been illustrated in Figure 2. The methodology comprises of three (3) phases. Phase
1 provides the methodology for preparing GPS-derived CTS. Next, the estimation and assessment of site velocities is
described in phase 2. Finally, phase 3 focuses on Sunda plate rotation parameter estimation.
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Figure 2. Flowchart of methodology

3. RESULTS AND DISCUSSION

Results and analysis divided into three (3) sections, which are (i) result and analysis of GPS-derived CTS, (ii) result
and analysis of site velocity and (iii) Euler pole parameter estimation.

3.1  GPS-derived CTS

GPS-derived CTS has been processed for all selected local stations. Figure 3 shows the CTS data for station JHJY in
2020 reveals notable trends in three components Northing, Easting, and Up. The Northing component shows a slight
southward movement with a velocity of -1.695cm/year and a low standard deviation of 0.424cm, indicating stable and
precise measurements in this direction. In contrast, the Easting component exhibits a more pronounced eastward
movement at a velocity of 2.894cm/year with a standard deviation of 0.705cm, suggesting that the station shifting
significantly in the east direction, potentially due to tectonic activity or structural influences. The Up component indicates
a minor downward trend with a velocity of -0.370cm/year, though it has a higher standard deviation of 1.203cm, reflecting
more variability and sensitivity to external factors, such as atmospheric or tidal effects. Overall, the data suggest that the
station is primarily moving eastward, with a slight southward and downward trend offering insights into the structural or
geographical factors affecting its position.
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Figure 3. CTS of JHJY in 2020 after outlier removal
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Figure 4 illustrates the standard deviation of GPS-derived CTS for all the MyRTKnet stations, which are represented
by colours red, purple and orange for Northing, Easting and Up components respectively. The Up component consistently
exhibits the highest standard deviations across most stations [20], suggesting more variability in the vertical positions of
the GPS stations. On the other hand, the East component generally has higher standard deviation than the North where it
indicates more variability in the eastward positions while the North component has the lowest standard deviation,
suggesting the most stability in the northward positions. The precision of coordinate time series has been achieved at
1.393 cm [21].
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Figure 4. Standard deviation of GPS-derived CTS
3.2 Site Velocity

Figure 5 illustrates data from ten (10) MyRTKnet stations from the year 2020, focusing on site velocities. Significant
velocities were observed during this year, highlighting a general movement trend in the region. The velocity vectors from
the map indicate that the site velocities predominantly move towards the southeast. This south eastward movement aligns
with regional tectonic activities.
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Figure 5. Horizontal site velocity of all stations

3.3  Euler Pole Parameter Estimation

Table 1 indicates that the Euler pole parameter model is generally effective in predicting the velocities at the
MyRTKnet stations, with most residuals being very small. Some stations exhibit slightly larger residuals, particularly in
the East component, suggesting areas where the model could be refined. Overall, the close match between estimated and
predicted velocities supports the reliability of the Euler pole parameters in modelling tectonic movement in Peninsular
Malaysia. The changes of coordinate in horizontal and vertical components have been estimated based on site velocity
with precision of 0.5172 cm.

Table 1. Comparison on the estimated and predicted velocities between selected MyRTKnet stations

Estimated Velocities  Predicted Velocities Difference Direction Azimuth
Stations (N Ve Vi Ve dVn dVe Ve N
(cm) (cm) (cm) (cm) (cm) (cm) (cm) )
BAND -1.733 1.911 -1.138 2.560 -0.596 -0.650 1.963 358.847
JHJIY -1.695 2.894 -1.029 2.748 -0.666 0.146 1.951 358.787
MRCH -1.291 2.825 -1.051 2.582 -0.239 0.243 1.920 358.816

Figure 6 shows the Euler pole calculator as a tool for calculating the rotation pole of tectonic plates where it shows
the output data of corrected velocity components Vy and Ve for each station, along with residuals dVVn and dVe, which
indicates the differences between estimated and predicted velocities. The Euler pole is located at a latitude of 45°26°06”
N, 125°32°56” E with a rotation rate of £355.3586°. The precision of the Euler pole parameter for Latitude, Longitude
and Rotation has been computed as 1.021cm, 0.687cm and 6.460cm respectively. The azimuth values are very close,
ranging from 358.791° for KUKP to 358.861° for USMP. These small differences indicate very similar directional
alignments among the stations.

During the research period, the crustal deformation trend changed at a steady rate because there were no earthquakes
that occurred. Moving forward, the six months data that has been processed is insufficient to derive a reliable trend due
to the influence of yearly tidal motions, and other seasonal variations. Processing weekly data, causing gap between data
increase difficulty in identifying accurate trends. Thus, longer data collection periods and more frequent sampling are
necessary to capture a comprehensive and accurate picture of crustal deformation trends [22].

journal.ump.edu.my/construction 23



Supparamaniyan et al. | Construction| Volume 5, Issue 1 (2025)

[0 Euler Pole Calculator (EPC) - 8 X
File Calculate Test View Help

SEW@EARD

Input data

Stations. Latitude Longitude Yy Ve Sy n Gy Gy ng
[1 |pako £4311 1068480 6851 37.160% 13816 88817 ]
[ 2 Jers 306085  115.8925 42013 26.1728 40159 11,6035 0

3 |BJNM 40,2453 116.2241 -18.0983 45.0404 6.4795 14.4083 o
[a joaes B 127 -9.9040 268157 45662 11,2692 0

5 |Guuc 134332 1448027 7.0030 16.5848 36382 8.0121 0
[ 6 |parw 28437 33T 4B4TI3 721N 7.8368 7.3579 0

7 |karr 208814 117.0072 617126 31.9847 112333 79536 ]
[ 8 |mrot 26698 1166375 58.2595 417899 10.8421 85378 ]

9 |NTUS 13458 1036800  -10.2918 292483 30456 78520 ]
[10_FeRT 18020 1158853 622506 397967 11,3787 88775 0

11 |Pmo 146357 1210777 34847 233950 27206 87083 ]
[z jwre 248535 1211645 182773 325614 28342 92141 0

13 s 104500 1056885 £3.5893 351007 93540 7.8087 ]
Qutput data:
Stations ‘ Latitude | Longitude | v, v, | av, | o, ‘ o v ‘ Euler Pole
Lattude (') Lengitude (*): Omega (“Myr).

1 |BAKD £4911  106.8489 88897 30.8747 -0.7954 6.1952 38911 7.1338 — - — ; e
[2 Jors 306085 1158925 46562 42665 0.4549 21,9063 34902 7.0207 54351 | 1255491 3552588 |
|3 |mam 402453 116.2241 44978 38152 -136005 412252 3.4735 7.0217 sim,.‘ 10212 | siom-i| 6.5666 ] sigma: 64,6008
| 4 paes 363994 127.3745 0.8842 62208 -10.7882 20,5949 33327 7.0530 |

5 |Guuc 134332 144.8027 91533 213241 21442 47393 3.8212 7.07% s
—= Statistics:
| 6 [Darw 128437 134327 27008 336190 45,7704 54000 3.3826 71511 .

HKumber of stations: 23

7 |karr 209814 117.0072 40799 36.1456 85.7924 -4.1609 34529 7.1607
IJMRM 266966 1166375 ~4.3000 37.4969 625595 42911 34657 T.1640 Cegree of freedom: 43
[[9 [wmus 13458 1036800 -10.33% 27.5702 0.0478 1.6781 4.0700 7.1189 A-posterior sigma value: 2.5391
| 10 |peRT 8020 1158853 -4.6597 383725 e6.5102 14242 34905 7.1619 Y
[ 11 |pmo 146357 1210777 21641 202761 S3188 436719 3.3627 7.0866 :
|12 [wrF 249536 1211645 21221 138757 -16.1551 187058 33613 7.0851

12 IXMIS -1h asnn 118 RRR& O a3na a7 a&NR Rrnar 2 REAN 1 GRaR T 1383

FYP_EULERROLE neu Position: 082.0272, 105.3737

Figure 6. Euler Pole Calculator

4. CONCLUSION

In conclusion, the study of Sunda plate motion is vital for scientific development in geodesy and geodynamic studies.
This study has formulated the Euler pole parameter, though restricted to Peninsular Malaysia, to estimate regional velocity
for the calendar year in question. The study was able to fulfill all the objectives through the three phases. For the first
phase, CTS has been produced with the precision of 0.0139m. As for the second phase, the North, East, and Up
components of site velocity were obtained with centimeter-level accuracy; thus, it is possible to use the results of the
further analysis with a high degree of confidence. Finally, for the third phase, the angular momentum parameters and the
Euler pole location were calculated with the root mean square error being 0.00245m. This parameter turned out to be
appropriate for the Malaysia region which indicated deviations from real site velocity within the sub-centimeter range.
The findings and discussions confirm that the study objectives were accomplished, which indicates the application of the
Euler pole parameter in the assessment of Sunda land plate motion. The Euler pole estimation can be improved by adding
more stations, processing weekly data, increasing the period of processing detecting and removing coordinates
discontinuity due to station instability. Further research can be done to refine the Euler pole parameter estimation, to
support realization of dynamic reference frame in Malaysia.
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