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 ABSTRACT 
 

 

Ground deformations (e.g., landslide and subsidence) have substantially risen recently around 

Penang Island, Malaysia. The development of hillslopes for rapid urbanisation and heavy rainfall 

has detrimental impacts on Penang Island soil layers. Modelling, simulation, and the development 

of susceptibility maps were past methods used to predict potential ground deformations of Penang 

Island. There is no published work on the Interferometry Synthetic Aperture Radar (InSAR) 

technique, where ground deformation of the region has been holistically studied. This work 

integrates the Persistent Scatterer InSAR (PS-InSAR) technique with Ground Penetrating Radar 

(GPR) to monitor the deformation on the island and identify possible subsurface causes for the 

disturbance. Twenty-four descending Sentinel-1A datasets acquired between 14th July 2017 and 

13th October 2018 were processed to monitor and map ground deformation areas with a focus on 

three selected regions- Batu Feringghi (BF), Paya Terubong (PT), and Tanjung Bungah (TB), 

where multiple landslides occurred between 2017 and 2018. InSAR results were later analysed 

using the Statistical Package for the Social Sciences (SPSS) tool and validated by the available 

Global Positioning System (GPS) analysis. InSAR analyses reveal the mean deformation values 

of -3.13 mm/yr, -2.76 mm/yr and -4.77 mm/yr for the BF, PT, and TB areas. GPR 

surveys were conducted with a 300/800 MHz dual-frequency antenna at the three selected study 

areas. Anomalies (wall cracks, road fissures, cavities, drains, and pipes) detected using GPR 

profiles correlated well with the permanent scatterer points calculated using the InSAR technique. 
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INTRODUCTION 

Landslide is the most dominant geohazard that 

travels many miles without warning, damages 

infrastructure, and causes loss of lives worldwide 

(Mirzaee et al., 2017; Rauff et al., 2020a). Human or 

anthropogenic activities (mining, deforestation, land 

reclamation, hill cut, etc.), geomorphological 

processes (erosion, vegetation removal, etc.), and 

natural activities (rainfall, earthquakes, volcanic 

eruption, etc.) are among the various mechanisms 

triggering landslides (Adnan et al., 2005). Penang 

Island's landslide failure is attributed to persistent 

rainfall and the cutting of hills for construction due to 

limited flatlands to cater for urban growth. Some of the 

past works on ground movement relied on Landsat 

imagery, aerial photographs, and Geographical 

Information System (GIS) for modelling, forecasting, 

and creating susceptibility maps (Lee and Pradhan, 

2006; Tan et al., 2009; Pradhan and Lee, 2010; 

Pradhan et al., 2012). Landslide trends has also be 

investigated (in aerial photographs) by examining 

differences in the bare-soil and forest-floor surfaces 

(Lee and Pradhan, 2006). Multiple traditional systems: 

an extensometer, a global positioning system (GPS), 

an inclinometer, etc., have been applied for continuous 

deformation monitoring to reduce natural hazards. 

These technologies only cover a limited area and are 

susceptible to damage during landslide failure (Bayer 

et al., 2017).  

InSAR technique is used in this paper to quantify 

surface movements of Penang Island for the first time 

to ensure that the island is worth living on and stable. 

This paper focuses on the Permanent Scatterer 

Interferometric Synthetic Aperture Radar (PS-InSAR) 

technique to process 24 descending Sentinel-1A 

(S- 1A) datasets in SARPROZ software to assess, map, 

and quantify the ground deformation in three (Batu 

Feringghi, Paya Terubong, and Tanjung Bungah) 

areas of Penang Island. 

The study also emphasises the significance of 

quantitative measurements of ground movement to 

classify landslide-prone areas and provide relevant 

data for appropriate technical solutions. The details of 

possible causes of the movement are also provided in 

the manuscript from the investigation of subsurface 

characterisation using the Ground Penetrating Radar 

(GPR) method in the three selected investigated areas. 

These areas are selected, they are located over various 

geological formations and have been hit by landslides 

the most (Ali et al., 2011; Pradhan and Hasan, 2014).  
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Fig. 1 Map of Malaysia Peninsular (a), map Penang Island (with its geology map Modified after Tan (1994) 
(b), and the three selected areas (c-e). 

STUDY AREA  

As is often the case with island regions globally, 
Penang Island is densely populated due to the 
availability of productive resources, access to trade 
and transport, and tight security that has attracted 
many people (Chee et al. 2017; Rauff et al., 2020b). 
The area size is approximately 300 km2 and has 
a geographical coordinate between longitudes 
(100°  8' E - 100° 32' E) and latitudes (5° 8' N - 
5° 35' N). It is located off the north-western coast of 
Peninsular Malaysia (Fig. 1a) and is one of Malaysia's 
most popular tourist destinations and main economic 
hubs. The elevation of the study area varies from 0 m 
to 420 m above sea level. Land reclamation, 
deforestation, and slope cutting are typical practices in 
the region (Pradhan and Lee, 2010). Together with 
anomalies in climatic change (such as heavy rainfall), 
these practices have increased landslide occurrences, 

claimed many lives, and caused damages to various 
properties (Khodadad and Jang, 2015). Tanjung 
Bungah (Fig. 1c), Batu Feringghi (Fig. 1d), and Paya 
Terubong (Fig. 1e) are the three areas where the 
studies were performed in this work.  

 
GEOLOGY AND SOIL SERIES OF PENANG ISLAND 

Penang Island consists of coastal plains (situated 
on both the east and west coasts) and hills (running 
from the north to the south) with the geological 
settings shown in Figure 1b. The island's soil 
comprises residual soil formed by the untransported 
accumulation of organic material and graded beneath 
granitic soils (Tan, 1994; Yahaya et al., 2019). The 
granites have textural and mineralogical differences 
and compose a unique plutonic complex (Cobbing et 
al., 1986). The steep soil covers the bulk part of the 
island, where most landslide occurrences are 
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Fig. 2 Landslide distributions in Penang Island between 2017 and 2019. (a) The landslide occurrence at the 
collapsed retaining wall at Beverly Hills, Tanjung Bungah (modified after Yahaya et al. (2019), and (b) 
The landslide occurrence at the slope failure at the Bukit Kukus construction site, Paya Terubong (The 
Star Malaysia, 2019). 

registered (Ali et al., 2011). The selected three areas 
(Batu Ferringhi, Paya Terubong, and Tanjung 
Bungah) in this research harbour the significant 
geological formations in Penang Island (Ahmad et al., 
2006; Lee and Pradhan, 2006). 

 
BRIEF HISTORY OF PENANG ISLAND 
LANDSLIDES OCCURRENCES 

There have been various landslide occurrences 
triggered by heavy rains and floods where different 
properties and lives have been lost on the island 
(Fig. 2). One of the incidents was a landslide (near the 
Sungai Siru fault depicted in Figure 1b that struck 
a construction site at Beverly Hills, Tanjung Bungah 
(TB), on 4th November 2017 (Fig. 2a). TB is underlain 
by granite. It is a tourist hotspot situated on the north 
coast of the island. Extreme rainfall, which lasted for 
hours, triggered the slope. The surface runoff 
exceeded the drainage system's capacity and led to 
overflowing permeated through the bottom of the 
filled embankment that supported the road platforms. 
On 19th October 2018, many lives and assets were lost 
when a slope at the Bukit Kukus construction site in 
Paya Terubong (PT) failed due to days of continuous 
rain (Fig. 2a). PT is a populated area located in the 
southeast of Penang Island that experiences landslides 
yearly. Its geology comprises South Penang Pluton 
(SPP), and it is underlain by massively weathered 
granite with fluctuating geotechnical properties. The 
high records of landslide occurrences in PT are due to 
the main fault (Sungai Air Putih) and weathering 
processes (Fig. 1b) that cross the area (Ahmad et al., 

2006; Yahaya et al., 2019). The construction site (at 
PT) involved the clearance of a slope angle of more 
than 25o. Because of the stream's shallowness, when it 
rains, the water can become turbulent and overflow 
into the nearby area, putting the stability of the 
exposed slopes at risk and triggering landslides. 

 
PERMANENT SCATTERER INTERFEROMETRIC 
SYNTHETIC APERTURE RADAR (PS-INSAR)  

In this paper, an advanced multi-temporal 
InSAR, Persistent Scatterer Interferometry 
(PS- InSAR) technique, has been used to monitor 
ground deformation in three areas. The technique 
depends on sending and receiving an active 
microwave radar signal from a satellite and recording 
the backscattered pulse by the antenna. It is a versatile 
radar-based technique that can quantify and monitor 
surface displacements over time. It is efficient in urban 
areas where stable and permanent scatterers (PS) are 
abundant. It is a cost-effective technique to extract 
information from a complex multiplication of two or 
more radar phase images acquired in the same area but 
at different times, which makes up an interferometric 
pair (Crosetto et al., 2016; Navarro-Sanchez et al., 
2014). Among numerous applications of InSAR 
techniques are subsidence monitoring (Ruiz-Constán 
et al., 2018) and landslide monitoring in urban areas 
(Dai et al., 2016). InSAR has also been used for 
various deformation studies (Farina et al., 2006; Lu, 
2007; Paradella et al., 2015; Bakon et al., 2016; 
Lazecky et al., 2016). 
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Fig. 3 The footprint of the Map of Penang Island. The white and squares represent the dataset’s footprints for 
the descending orbit. 

Table 1 Subset data for Area of Interest (AOI). 

Orbits Longitude Latitude Radius (km) Master Images 
Ascending  100.1840 5.2651 21 April 16, 2018 
Descending 100.2842 5.3809 20 March 29, 2018 

DATA ACQUISITION 

S-1A satellite works in dual-polarisation modes 
with a revisit period of 12 days and is currently in 
operation (in the C-band). The S-1A image was 
selected because it has good resolution, which allows 
the investigation of ground deformation, and it is 
freely available to download after one-time 
registration (Yague-Martinez et al., 2016). 
Furthermore, as archived SAR S-1A images are 
available since 2014, this dataset makes it suitable to 
monitor Penang Island's ground movement and relate 
them to recent landslide occurrences. The S-1A IW 
data are available separately as three (3) products, 
namely Single Look Complex (SLC), RAW, and 
Ground Range Dataset (GRD). Twenty-four (24) 
S- 1A images acquired from descending orbit (14th July 
2017 - 13th October 2018) were used to detect, 
quantify, and map the region's ground displacement. 
The footprints of the descending S-1A datasets are 
shown in Figure 3. 

 

METHODOLOGY 

The Permanent Scatterer Interferometric 
Synthetic Aperture Radar (PS-InSAR) technique was 
applied to process 24 Sentinel-1A images acquired 
from 14th July 2017 to 13th October 2018. The 
generated deformation map was further analysed with 
the focus on three specific areas (Tanjung Bungah 
(TB), Batu Ferringhi (BF), and Balik Pulau (BP)) of 
Penang Island. The acquired datasets were imported 
into the SARPROZ software developed by Perissin, 

Purdue University, West Lafayette, IN, USA (Perissin, 
2015). It is a multipurpose software written in Matlab 
that allows the user to make some modifications 
(Bakon et al., 2016). The appropriate master image 
was chosen based on the software's algorithms, 
considering days without rainfall acquisition. The 
image acquired on 6th October 2017 was selected as 
a master image, based on many important parameters 
like atmospheric condition, doppler centroid, and 
normal temporal baseline (Sousa et al., 2016; Razi et 
al., 2018). In short, the applied processing steps are as 
follows: data subset, master image selection, 
coregistration of SAR data, processing of reflectivity 
and amplitude stability index (ASI) maps, ground 
control point (GCP) selection, selection of external 
digital elevation model (DEM) and synthetic 
amplitude in SAR coordinate for persistent scatterers 
candidates PSC. These steps provided opportunities to 
generate the reflectivity map and view the DEM in the 
Area of Interest (AOI). Sparse point selection step was 
performed to acquire scattered point data in time series 
analysis. Multi-image sparse grid phase unwrapping, 
atmospheric phase screen (APS) estimation and 
removal, PS phase reading, and displacement 
estimation steps were also performed. The AOI, such 
as latitude, longitude, and radius, was selected as 
depicted in Table 1. In the analysis of landslides, an 
excellent coordinate area is essential, and the size of 
the extracted area should be limited because of the 
restriction of the disk space. 
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Fig. 4 Spatiotemporal baseline connection graphs of master and slave pair images (a), Ground Control 
Point (GCP) for the descending orbit (b), and integrated residual height (m) to zero reference point for 
orbit (c). 

A classical star image graph is implemented in 
this work, where all images used are connected to 
a single selected master image, as shown in Figure 4a. 
The most stable reference point was achieved when x 
is 1314 and y is 7262 (Fig. 4b) at the maximum 
residual height of point zero, as depicted in Figure 4c. 
Coregistration of the images was performed to match 
all the data without any spatial errors before 
interferograms were created.  

Residual height is the residual height concerning 
the reference point after integrating the connections 
residual height using the given graph. Integrated 
velocity is the velocity concerning the reference point 
after integrating the velocity of the connection using 
the given graph. Interferograms were generated based 
on the loaded image graph in SARPROZ. The data 
(long spatial wavelengths produced by atmospheric 
distortions) were filtered by applying Goldstein 
modification filtering and the multi-look factor to 
remove the vegetation and noises. The atmospheric 
disturbances were removed using the Goldstein 
mode.  The smoothest interferograms were found and 
selected after three (3) rounds of filtering with 15*15, 
20*20, and 25*25 ML factors. The linear trend model 
was adopted for the PS using temporal coherence of 
0.8, linear trend value of 5 mm/yr, and 20 m as the 
height value in the software. Finally, the results were 
geocoded to Google Earth by selecting orthorectify for 
the exportation of the results. Buildings, light posts, 
road signs, and other concrete structures that reflect 
the radar signal well are among the persistent 

scatterers candidates (PSCs) in AOI. The velocity data 
obtained from the InSAR technique were analysed via 
the statistical package for the social sciences (SPSS) 
version 25. Descriptive statistics were generated, and 
regression analysis was used. The descriptive analysis 
provides the user with the understanding of the exact 
data and values and the users' scale of concern 

 
GROUND-PENETRATING RADAR (GPR) 

GPR is one of the most widely used geophysical 
techniques for subsurface imaging (Kannaujiya et al., 
2019). The configuration consists of a GSSI 300/800 
MHz dual-frequency antenna, an electronic unit, 
a 10.8 V lithium-ion battery, a large wheel, and 
a monitor. The wheel was calibrated and ensured to 
travel in a straight line for data accuracy. The antenna 
has both the transmitter and receiver components 
connected to the monitor and battery. The optical data 
cable was tightly connected to the antenna. The 
communication cable was connected between the 
antenna and monitor. The mode of operation depends 
on transmitting pulses of high-frequency 
electromagnetic energy into the ground from the 
surface. The transmitted waves (from different 
submerged objects and earth materials) are reflected to 
the surface as they encounter changes in the matrix's 
dielectric permittivity. The energy is detected by 
a receiver antenna (Fig. 5a). The results depend on the 
soil type and the equipment used. The monitor was 
used to visualise and interpret the acquired data (at 
Batu Ferringhi, BF, and Tanjung Bungah, TB). 
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Fig. 5 (a) GPR methodology, (b) Flowchart of GPR processing, and GPR survey lines at (c) TB and (d) BF.  

Figure 5b shows the flowchart of the processing steps 
for the GRP data. RADAN 7 software of Geophysical 
Survey Systems, Inc. was used to perform the profile 
processing. The basics steps used to process, filter the 
high noise, and enhance the target are- time-zero, 
background removal, gain, and velocity estimation 
(Schrott and Sass, 2008). The survey lines of the 
studied areas are shown in Figures 5c and 5d for 
the Tanjung Bungah and Batu Ferringhi areas, 
respectively. 

 
RESULTS AND DISCUSSIONS 

In this analysis, S-1A IW images were processed 
with SARPROZ software to detect PS points. Due to 
the high density of ground targets in urban areas, the 
PS-InSAR technique was applied to select pixels for 
monitoring the area's displacement. The detailed 

summary of the average line of sight (LOS) velocities 
determined from S-1A data is presented in the RGB 
colour scale in Figure 6. The result of the descending 
orbit dataset over the entire Penang Island is shown in 
Figure 6. The PS points are well spread across the 
region's urban areas due to high reflectivity (e.g., 
high- rise buildings, artificial structures such as 
buildings, lamp posts, road signs, highways, airports, 
and other concrete structures). Subsidence patterns 
(red and green colours) are observed in the selected 
areas (red boxes). Different colours of the image 
correspond to different displacement values of PS. The 
red colours indicate high subsidence and correspond 
to unstable targets (i.e., the target moves away in the 
LOS direction from the sensor, implying that the areas 
are subsiding). The blue colours signify that the areas 
are uplifting (where the target's movement is towards 
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the sensor in the LOS direction). More PS points are 
observed for urban areas (due to many structures) and 
fewer for rural areas (where there are vegetation and 
sparse urbanisation) of the same scale. On average, the 
islands' landslides occur at peak rainfall, usually 
between October and January (Pradhan and Lee, 
2010).  

 
VALIDATION OF INSAR RESULT 

As many factors do affect the InSAR technique's 
accuracy, it is essential to validate the method. One of 
the in situ measurements used to comply with high 
precision criteria is the Global Positioning System 
(GPS). The analysis of Ami et al. (2015) is used to 
validate the InSAR results in this research. The 
acquired GPS data between 1999 and 2011 from 
117 stations were used to assess Malaysia's vertical 
displacement pattern. The results show the vertical 
ground movements (uplift and subsidence) of 
Malaysia. The values of the deformation range from 
- 0.04 to -34.41 mm/yr (subsidence) and from 
0.21 mm/yr to 1.44 mm/yr (uplift). In Penang Island 
(USMP station), -0.90 mm/yr of ground deformation 
value was detected (Fig. 7a), indicating subsidence in 
the area. This value coincides with the observed value 
using PS-InSAR techniques simultaneously in this 
work (Fig. 7b). 

Fig. 6 Average velocity map of land deformation (2017-2018), Penang Island. Red, green, and blue points 
indicate high subsidence, moderate subsidence, and uplift areas. Ground subsidence is evident in the area 
of interest (red boxes). 

Fig. 7 Vertical displacement of GPS measurement at USMP station (a), PS points obtained by S-1A data (b).  
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Fig. 8 (a) Tanjung Bungah, (b) Paya Terubong, and (c) Batu Ferringghi displacement time series. (1d) Overall 
time series of the PS points for the descending track. 

STATISTICAL ANALYSIS OF INSAR RESULTS 

In the frequency distribution of landslides of the 
three core locations considered in the study, the total 
PS points of 1555 were calculated. 77 out of the total 
points were located in Batu Ferringhi, 1248 points in 
Tanjung Bungah, and 230 points in Paya Terubong 
with 5.00 %, 80.22 %, and 18.80 %, respectively. The 
displacement rates in Batu Ferringhi, Tanjung 
Bungah, and Paya Terubong areas are respectively 
- 3.13 mm/yr and -2.76 mm/yr and -4.77 mm/yr. 
Figure 8 shows time-series graphs of the rate of 
displacements that correspond with the landslide 
occurrences in the areas. Tanjung Bungah and Batu 
Ferringhi show some deformations (from 5th to 17th 
December 2017) that correlate with the landslide 
events that happened on the island. The landslide 
occurrences were triggered by heavy rain that lasted 
for over ten hours. Most landslides on the island occur 
between October and January, when rainfall peaks 
(Yahaya et al., 2019). 

Generally, the soil of Penang Island contains 
weak clay, silt, and gravel. Environmental 
circumstances such as rain can slide down the soil due 
to gravity. The sparse vegetation (like grass and 
shrubs) covers the soil's clayey material, which can 
slip in a significant percentage during rainfall. Erosion 
of concentrated rainwater penetrates clayey surfaces 
and triggers old landslide cracks. Paya Terubong's 
main deposit is clay, making it the most vulnerable 
ground deformation area in Penang Island. Batu 
Ferringhi has less ground deformation than Paya 

Terubong because of the higher volume of gravel. 
According to Ahmad et al. (2014), the soil at Tanjung 
Bungah has high water content and is vulnerable to 
shallow landslides. The PS-InSAR analysis shows that 
the studied areas have linear tendencies to 
deformations.  

Figure 9 shows the maps of the three prone areas 
for comparison. The PS points for each area were 
extracted and overlaid on the topographic map of the 
island. Ground movements (uplift and subsidence) 
were observed during the monitoring. In Tanjung 
Bungah (Fig. 9a), both the low elevation (flat) and 
deformation (i.e., subsiding) areas are well correlated. 
Paya Terubong (Fig. 9b) exhibits a similar observation 
(with Tanjung Bungah) in the northern part. Although, 
in the southern part of the area, uplift patterns are 
found on the high topography. Figure 9c shows how 
the two forms of deformations (subsidence and uplift) 
are distributed across Batu Feringghi's topographic 
regions. 

 
RESULTS AND INTERPRETATION OF GPR 
PROFILES 

GPR surveys were conducted across some 
subsidence areas detected using the InSAR method to 
characterise and interpret subsoil features. The 
detected subsurface anomalies and shallow depression 
on the plotted GPR profile (Fig. 10) are probably 
associated with fractures and road fissures. 
Figures 10a-c show the radargrams with various 
anomalies at three survey sites of Tanjung Bungah, 
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Fig. 9 Map of the three studied areas with their PS distribution overlaid on DEM. (a) Tanjung Bungah, 
(b) Paya Terubong, and (c) Batu Ferringhi. 

and Figures 10d-e show the two survey sites of Batu 
Ferringhi. An anomaly was observed at a distance of 
11.64 m and a depth of 1.20 m at the first survey site 
in Tanjung Bungah, as shown in Figure 10a. This 
observed anomaly corresponds to the deformation 
value (-3.93 mm/yr) obtained from InSAR. Figure 10b 
depicts the radar graph at the second survey site of 
Tanjung Bungah, where different anomalies were 
detected. The detected anomaly located at a distance 
of 27.86 m with a depth of 0.34 m from the starting 
point corresponds to deformation values of 
- 5.57 mm/yr. Figure 10c illustrates the observed two 
road fractures with deformation values of -2.24 mm/yr 
and 7.33 mm/yr at respective distances of 10.70 m and 
21.22 m with respective depths of 1.10 m and 0.78 m. 
The Batu Ferringhi profile's radar graph is presented 
in Figures 10d-e, where different anomalies are 
observed. The detected deformations values of 
- 4.00 mm/yr, -5.44 mm/yr, and -5.19 mm/yr were at 
distances 0.88, 6.34, and 16.36 m from the starting 
points at the depths of 0.95, 0.62, and 0.27 m, 
respectively (Fig. 10d). Lastly, the GPR survey's radar 
graph carried out at the second survey site of Batu 
Ferringhi is depicted in Figure 10e. Various anomalies 
(road fissures, drains) were seen at the site. The 
deformation values of -3.51 mm/yr correspond to 
the anomaly located at a distance of 1.6 m with 0.6 m 
depth. 

 
CONCLUSIONS 

Penang Island is a tourist attraction region with 
roughly 300 km2 of the land but has limited flat terrain. 

A significant part of the land on the island is the hill. 
This paper presents the application of the PS-InSAR 
technique to process the C-band S-1A data for 
monitoring ground deformation in three different areas 
of Penang Island, i.e., Tanjung Bungah, Paya 
Terubong, and Batu Ferringhi, where huge landslide 
events had happened. PS-InSAR technique is 
a versatile method for detecting instabilities on the 
slope and quantifying their rate of displacements. It 
shows the potential to obtain results more efficiently 
than conducting in-situ measurements using on-site 
instrumentation. The results show that the 
deformations along the region are detected by 
PS- InSAR analysis. Significant mean deformations 
values of -3.13 and -2.76 mm/yr and -4.77 mm/yr in 
the direction of LOS at the respective areas of Batu 
Ferringhi, Tanjung Bungah, and Paya Terubong were 
detected. In addition to the suspected factors, the 
deformations at Tanjung Bungah and Paya Terubong 
might be connected to the main fault that travels 
through the north-south regions and segregates the 
island into two, as depicted in Figure 1b. This has also 
been reported by Yahaya et al. (2019). The 
displacement at Paya Terubong can also be related to 
underground water movement in the zone, as 
discovered using geophysical measurement (Rauff et 
al., 2020a). However, the result is not presented in this 
work since it is not within the scope. One approach 
cannot be used as a stand-alone tool for solving 
landslide challenges in an urban area. This work has 
demonstrated the reliability and efficiency of S-1A 
data in urban areas for the PS-InSAR analysis.  
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Fig. 10 The radargrams at three areas of Tanjung Bungah (a-c) and two Batu Ferringhi areas (d and e).  
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