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Abstract: During the past 10 years, Timor-Leste has concentrated all its efforts on infrastructure
development. However, it has not achieved enough due to unexpected ground deformation in
mountainous areas that is seriously affecting road constructions, etc. In order to design roads and
other infrastructure under such difficult conditions, it is important to know the present and future
ground conditions. Continuous monitoring is a significant methods of detecting ground deformation
and providing essential information to realize an effective design. The problem arises of “How can
ground deformation be monitored in extensive areas, which are generally located in mountain areas
that are difficult to access?” Differential Interferometry Synthetic Aperture Radar (DInSAR) has
recently been applied to monitor displacement in extensive areas. In addition, Unmanned Aerial
Vehicle (UAV) photogrammetry is useful for detecting the deformation in detail. Both methods are
advantageous in that they do not require any sensors. Therefore, the combination of DInSAR and
UAV photogrammetry is one of the solutions for monitoring the ground deformation in Timor-Leste.
In this paper, DInSAR and UAV photogrammetry are applied to unstable ground in the Bobonaro
region of Timor-Leste to find the recent ground deformation, since 2007, due to earthquakes and hard
rainfall events. It is found that DInSAR is useful for screening usual and unusual ground behavior
and that UAV photogrammetry is flexible to use and can detect displacements with cm accuracy after
the DInSAR screening.
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1. Introduction

After gaining independence on 20 May 2002, Timor-Leste’s policies have been focused on
alleviating poverty, addressing the immediate needs of the people, consolidating security and stability,
and providing a foundation for the nationhood through the building of state institutions. Following
the approval of the Timor-Leste Strategic Development Plan [1], many projects related to infrastructure
were started, including the construction of large sections of roads and bridges. Unfortunately, the results
are not meeting expectations. The geomorphology and geoenvironment of the country have led to
continuous ground deformation, frequent landslides, flash floods, and flooding events during the
rainy season, thus disrupting the land transport system by destroying bridges and washing out roads.
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This situation has led to direct and indirect negative impacts on the activities and safety of the people,
and consequently has delayed ongoing development, wasting resources and time. According to
the Baze Dadus Dezatres Timor-Leste [2] database, for the period of 1992–2019, 60 deaths due to
geo-disasters were recorded. The data regarding the victims of the various types of geo-disasters
revealed that 32 deaths were caused by flash flood and flooding, 11 were caused by windstorms, 10 were
caused by wildfires, and 7 were caused by landslides. Despite efforts by the local government and
international agencies to introduce disaster management education among the population, the country
is facing an extreme lack of capacity to adapt to natural and man-made disasters [3]. The country’s
vulnerability to natural disasters and their impacts has presented considerable challenges for the
authorities. Problems related to the lack of institutional capacity are making it increasingly difficult to
solve these problems [4].

Ground deformation is a dynamic process of the Earth’s surface that results from a variety of
natural and human causes. This dynamic process can lead to natural and/or man-made hazards that
may negatively affect human activities and lives. Various efforts have been made to prevent and
mitigate landslides and their negative impacts. The results are still far below expectations due to the
complexity of this phenomenon [5,6]. At this stage, efforts to prevent and/or mitigate landslides and
their negative impacts would require a vast knowledge of the distribution of landslides and the state of
their activity, particularly in situations where property, infrastructure, and human lives are at risk [7].

During the last century, several detection and monitoring methods for slope instability have
been developed. Conventional ground-based monitoring methods using geotechnical machinery
and instruments—e.g., borehole drillers, extensometers, piezometers, and inclinometers—have been
combined with surveying instruments—e.g., Global Positioning System (GPS) and Total Station [8–12].
Nowadays, the conventional instruments can be connected to a wireless sensor network system for
real-time slope stability monitoring [13,14].

The three well-known airborne-based methods for monitoring landslides are the Photogrammetry,
Light Detection and Ranging (LIDAR), and Synthetic Aperture Radar (SAR) techniques. These methods
can cover wide areas, substantially reducing the acquisition time of the images and the costs associated
with them. The images can be captured periodically, enabling historical data to be collected and
updated. The images are acquired and processed digitally, leading to accurate geometric measurements,
qualitative object interpretations, and the generation of a Digital Elevation Model (DEM) assisted by a
computer [6,15–20]. Moreover, Airborne-based LIDAR and SAR are considered innovative methods for
landslide identification, classification, and geomorphology interpretation. Most importantly, they can
perform the measurements over a densely vegetated area [21,22].

On a global scale, satellite-based methods for landslide monitoring are more effective than
conventional methods based on landform analysis that is only useful over small areas. These methods
provide a large amount of information, such as precipitation, land-use, land-cover, and topography
data, enabling a quasi-global landslide analysis model [23]. The combination of this variety of data can
be used as a base for developing a global landslide detection and forecasting system [24,25]. During the
last two decades, the satellite-based system has provided earth observation using Synthetic Aperture
Radar (SAR) data—e.g., Advanced Land Observation Satellite Phased Array type L-band Synthetic
Aperture Radar (ALOS PALSAR). The Interferometry Synthetic Aperture Radar (InSAR) technique
was developed and has been recognized as an accurate and low-cost method for measuring changes
in the Earth´s surface with millimeter or even sub-millimeter accuracy, detecting and monitoring
ground deformation and natural hazards [26–28]. Furthermore, in terms of its application sequence,
the InSAR technique was improved by removing the topography contribution in the production of
interferograms. The “Differential” term was added to the acronym, which has become the well-known
DInSAR. To improve the accuracy of DInSAR, two new algorithms as well as advanced processing were
proposed. The first algorithm was proposed by Ferretti et al. [29] and is widely known as Permanent
Scatterer Interferometry (PSI); it has presented good results for deformation measurements in urban
areas and rocky terrain. The second algorithm was proposed by Berardino et al. [27] and is widely
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known as the Small Baseline Subset (SBAS); it is very useful for detecting deformation in rural areas
on regional and local spatial scales. DInSAR does not require the installation of any devices on the
ground and has been widely used for measuring and monitoring the deformation of the Earth’s surface.
Furthermore, SBAS DInSAR performs better over vegetated areas and presents a better deformation
distribution compared to PSI [20,30–40].

Nowadays, high-resolution aerial photogrammetry can be obtained by employing a generic and
light remote sensing platform known as an Unmanned Aerial Vehicle (UAV) or a drone. The UAV
is equipped with dual-band satellite positioning—namely, the Global Positioning System (GPS) and
the Global Navigation Satellite System (GLONASS)—along with the latest Inertial Measurement
Unit (IMU) technology and a 4K digital camera. UAV photogrammetry has been successfully used
for mapping and producing valuable ground surface data in vast fields of application. In landslide
investigations and monitoring processes, UAV photogrammetry has been considered a low-cost and
timeless technique for acquiring high-resolution orthomosaic images and DEM data over a reasonable
area of extension with centimeter-order accuracy [15,20,41–54].

In Timor-Leste, studies related to ground deformation, including landslides and land subsidence,
have never been carried out or have not been published. The spatial distribution and characteristics of
landslides and land subsidence in Timor-Leste remain unclarified. Many reports have been produced
by various entities, such as the government, UN, World Bank, Non-Governmental Organizations
(NGOs), and local media, and are mainly related to the types of natural hazard experienced, material
damage and loss, the number of victims and deceased, climate change, and humanitarian aid. There are
no formal records or assessment techniques for the amplitude, frequency, and spatial distribution
of the occurrences of natural and man-made disasters, including a technical database, such as
hydrometeorology and detailed geology information. Thus, it is difficult to establish a system to
monitor and mitigate landslides, including the associated damage they cause. The development of
further research on ground deformation involves considerable challenges due to the lack of technical
and scientific information.

The aim of this paper is to apply SBAS DInSAR, UAV photogrammetry, and field observations to
detect and characterize the ground surface deformation within an area of less than 1 km2. From the
SBAS DInSAR results, a time-series of the ground deformation trend based on the line of sight (LOS)
displacement values is analyzed. Furthermore, factors that have been contributing to the ground surface
deformation, such as earthquakes and rainfall events, are plotted together with the LOS displacements
to show their relationship over time during the study period. The latest LOS displacement images
were overlayered with the high-resolution orthomosaic and DEM images acquired from a small UAV
to confirm the SBAS DInSAR results. Furthermore, the existing ground surface deformation was
identified and interpreted based on the post-event results. For this purpose, an area affected by the
continuous ground deformation phenomenon was chosen. It is located near the village of Oeleo in the
Bobonaro region. No technical observations or accurate measurements have previously been made on
the ground deformation in this area. The results of this study will be applicable as a tool for developing
ground deformation mapping and characterization that covers the whole Timor-Leste territory.

2. Location and Geoenvironmental Settings

2.1. Overview of the Country

Timor is a non-volcanic island located between the south-eastern part of the Indonesian archipelago
and the northern part of the Australian continent [55]. It is approximately 500 km long and 100 km
at its greatest width, elongated in the SW-NE orientation. Timor-Leste consists of the eastern half
of the Timor Island, including the enclave of Oecusse in West Timor, and two islands, Ataúro and
Jaco, which correspond to about 15,000 km2 of territorial extension. Timor-Leste is a topographically
mountainous country (Figure 1a). The flat area, with slopes in the range of 0% to 3%, occupies
approximately 30% of the total country’s extension. The rest is mountainous, with slopes of between
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3% and 25%. The mountain range located in the central region of the island, reaching the highest
elevation at Ramelau Peak at 2960 m, belongs to the territory of Timor-Leste. This mountain range
extends to the east following Matebean Peak at 2373 m and ending at Paichau Peak at 975 m. To the
north side, the mountain slopes decrease, falling moderately and then almost abruptly into the ocean,
characterized by a steep slope that extends practically along the entire coast. In contrast, to the south
the relief is much smoother, forming a long flat coastal strip. This central region is crossed by a
dense hydrographic network dividing the rainfall-runoff to the north and south through the deep and
narrow valleys with short steep courses to the sea. The dominant vegetation comprises grass and
shrubs, and dense forests are spatially distributed in small areas. Bouma and Kobryn [56] identified
a significant level of deforestation and devegetation from 1989 to 1999. The types of soils identified
in Timor-Leste are predominantly cambisols, vertisols, and fluvisols [57]. Cambisols are spatially
distributed in highlands, vertisols in lowlands, and fluvisols in coastal zones. Currently, the soil erosion
levels are considered catastrophic [3,56–58]. The rain distribution is affected by the mountainous
terrain and the position of the island of Timor relative to the Australian mainland and the Indonesian
archipelago (Figure 1a). The annual seasons are determined by the Australian monsoon (SE) and
the Asian monsoon (NW). The geography generates two distinct rainfall patterns: (1) the Northern
Monomodal Rainfall Pattern, where the rainy season starts in December, has a duration of 4 to
6 months, and affects most parts of the north of the country and some eastern regions; (2) the Southern
Bimodal Rainfall Pattern, where the rainy season starts in December and has a duration of 7 to
9 months, with two rainfall peaks starting in December and May, affecting the southern side of the
country [57,59–62]. The rainfall is extremely intense, with an annual average of more than 1500 mm in
the mountainous areas and less than 1500 mm in the lowland areas [57,59–61]. Timor is an island of
rapid and relatively recent formation, located at the collisional margin between the oceanic Banda
volcanic arc and the Australian continental margin. This location is characterized by deformation,
uplift movement, and high seismic activity (Figure 1a). Several theories about the tectonic evolution of
Timor have been proposed related to its structural complexity (Figure 1b). Two main tectonic models
have been discussed—the overthrust model [55,63,64] and the imbricate model [65–67]. This tectonic
mechanism is reflected in the mountainous characteristics of the island, followed by the fragmented
and chaotic structures of thrust and fold zones illustrated by Norvick [68] in Figure 1b. Measurements
indicate that the Australian continent is moving ~7 cm/yr NNE relative to the South Banda arc [69].
Geologically, Timor Island presents a great diversity and complexity in its lithology and is characterized
typically by soft sediments, shale, sand, and limestone [55].
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2.2. Bobonaro Region

The Bobonaro region is located in the center of Timor Island; covers 216 km2; and is located 180 km
from the capital, Dili. Its geographic coordinates range between 125.21694183◦ and −9.13041210◦:
125.43438720◦ and −8.95447254◦, and it is approximately 1000 m above the mean sea level (Figure 1a).
The Bobonaro Administrative Post is subdivided into 18 villages, with a total population of 24,719 [70].
This area is part of the Bobonaro Scaly Clay Formation, previously defined by Audley-Charles [55],
with a type-locality beside the Lomea River, east of Bobonaro City. Bobonaro Scaly Clay, also well known
as Bobonaro mélange or broken formation, is much more widespread throughout Timor-Leste than
any other existing geological formation. Bobonaro Scaly Clay is a lithotectonic unit composed mostly
of broken, clay-rich layers that are mixed to varying degrees with structurally and stratigraphically
overlying units. The layers range in thickness from thin to over 2000 m and contain blocks of all of
the stratigraphic units in Timor, as well as serpentinites and metaigneous rocks, surrounded by a clay
matrix [71]. The matrix clay of the Bobonaro mélange is mostly composed of bentonitic clay with
35% average smectite [72]. This type of clay commonly produces discontinuities and shear planes
that lead to unstable hill slopes [73]. The erosion of the Bobonaro Scaly clay formation due to the
tropical conditions gives rugged topography to the region characterized by deep gullies, landslides,
and knobbly hillsides [55].

2.3. Historical Ground Deformation

A large number of ground deformations, exposed by a variety of mechanisms and magnitudes,
are spatially well distributed in the Bobonaro region. It has been possible to collect valuable information
related to this phenomenon from the local people, extending from the past years to the present (Figure 2).
The biggest landslide was registered in Fatuk Monu (literally Rock Fall) at the end of the 18th century.
The phenomenon took place at the end of the wet season. There was no rain at the time; however,
all the springs in the area were over-watered, which was not usual. At the time, Fatuk Monu was very
populated with the Lamak Hitu ethnic people. This landslide occurrence was clearly remembered and
passed down by people in the local culture by means of legends, prayers, dances, etc., and is reflected
in toponymy and in the names given to the new settlements or villages established in the Bobonaro
region. The landslide completely destroyed the populated area, causing material damage as well as
the loss of many human lives. After the catastrophe, new settlement sites were established in the
south—now Malilait, the current capital of the Bobonaro Administrative Post—and in the northern
villages of Taimea and Grotu. In 1918, at the same place the Portuguese administration built a road
passing through the old landslide area, linking Malilait and Taimea. However, since 1969 the road has
been impassable. At present, there are no traces of the road. The slope movement in that area has
remained active on a small scale. In January 1983, a large ground movement occurred in the center
of Bobonaro City, affecting the public buildings constructed in early 1956 as well as people, houses,
and the main road, causing material damage but without the loss of human lives. Cracks on the walls
and floors of buildings and on public roads have increased over time, caused by the phenomena of
slow movement and slopes. In February 2003, in the village of Aiassa a landslide occurred after rain
continuously fell for more than four hours. The landslide started at midnight and continued until early
morning, destroying one house and 40 parcels of garden land but without the loss of any human lives.

2.4. Types of Mechanism

The processes of ground deformation and landslides observed in the Bobonaro region are herein
described following the Varnes [74] classifications. The types of mechanism vary from simple and
isolated occurrences to more complex ones in a chain sequence from the peak of the mountain to
the base. Figure 3 illustrates the types of mechanism and their locations classified into three groups:
(i) slopes closest to the top of the mountain; (ii) steep slopes or ravines; and (iii) more at the base of the
slopes—that is, specifically in the areas near watercourses.
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water courses.

Alongside the riverbank, the slope became unstable and consequently it collapsed and was
followed by other types of slope movements such as fall, topple, spread, sliding, and flow. It also
resulted in the appearance of the deposition of detritus material close to the watercourses as a result of
the flow-type movement. Normally, sliding movements (translational or rotational) and debris flows
contain large amounts of materials that can intercept the main streamline, consequently generating a
natural dam with the capacity to temporarily flood a wide area until the sediment is removed and
transported naturally by the water stream.
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2.5. Study Area

The study area is located in a highland, about 1000 m in altitude, within an area of 0.35 km2 of
extension. Its surface is covered by grassland vegetation, with a moderate natural slope of around 12◦.
The natural condition of the study area is presented in a 3D model image along with the locations
of the Points of Interest (POI) and Areas of Interest (AOI) (Figure 4). The material outcrops consist
of essentially serpentinites and metaigneous rocks and are surrounded by a clay matrix (Figure 5).
In 2007, a few months after the construction of the road the section near the village of Oeleo began
deforming. This phenomenon has continued to the present, causing damage to residential housing,
agriculture fields, roads, and other infrastructure. Every year, this section of the road is affected by
ground deformation, often making it impassable to vehicles during the rainy season. The area around
this road section has widely shown ground surface deformation features. Recent evidence of the
ground surface deformation includes degraded road conditions, a high density of ground fissures and
cracks, slope movements, new water ponds, tilted electrical poles, and the ruins of a masonry house,
which are marked in Figures 4 and 6. Additional relevant information was collected from the local
people and Google Earth historical imagery in order to confirm the evidence. The present authors
clarified and recorded the four most notable pieces of evidence. The first three occurred at AOI2
and AOI3 and the fourth at AOI4. First, a masonry house was destroyed by a landslide in January
2017 during heavy rain, with material losses but no victims. Second, the electrical transmission line
established in 2012 was deviated from the original alignment and tilted. Third, very frequent road
restoration work has been performed during the rainy season with minimum conditions to allow
the passage of transport vehicles. Fourth, a small slope failure induced by an earthquake event on
24 June 2019, with a 7.3 magnitude, occurred 518 km from the epicenter with a focal depth of 212 km.
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3. Data

In this paper, deformation measurements from Advanced Land Observation Satellite (ALOS)
Phased Array type L-band Synthetic Aperture Radar (PALSAR) are presented. The first ALOS1
PALSAR1 was in operation from 2006–2011, and the second ALOS2 PALSAR2 has been in operation from
2015 to the present day. These SAR datasets were provided by the Japan Aerospace Exploration Agency
(JAXA). The first dataset, composed of 22 SAR images collected from PALSAR1, covered the period
from 22 January 2007 to 2 February 2011. The second dataset, composed of 13 SAR images collected
from PALSAR2, covered the period from 10 February 2015 to 2 April 2019. High-resolution orthomosaic
and DEM images were collected on 19 August 2017 by employing Small UAV Photogrammetry DJI
Mavic Pro. The earthquake data downloaded from the United States Geological Survey (USGS)
Earthquake Catalogue covered the two periods of study. Timor-Leste rainfall data has not been well
recorded since 1974. To overcome this unavailability of rainfall data, it was necessary to use the data
published by the Climate Forecast System Reanalysis (CFSR) of the National Centers for Environmental
Prediction (NCEP). Fortunately, the first study period—January 2007 to February 2011—covered daily
rainfall data, with a spatial resolution of 38 km. Two imaginary stations—namely, p-891253 and
p-921250—located above the mountainous area were selected. For the second period, a HOBO ground
station rainfall data logger with a resolution of 0.2 mm per tip was installed 2 km from the study
area. The data collection was conducted from 7 March 2007 until 2 April 2019, partially covering the
second period.

4. Methodology and Processes

4.1. SBAS DInSAR

Synthetic Aperture Radar (SAR) is a specific imaging radar system mounted on an aircraft or
artificial satellite [75]. SAR provides high-resolution remote sensing images, independent of daytime
(day/night) and weather. The images acquired from SAR are used for vast applications and research
in fields such as geoscience, environmental, climate change, and Earth system observation [76].
Interferometric SAR (InSAR) is a technique for deriving the topographic surface or digital elevation
model (DEM) by extracting the signal phase changes (interference) from two SAR images acquired
from the same position in repeated orbits of the satellite.
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Differential interferometry SAR (DInSAR) is a technique for measuring the deformation of the
Earth’s surface induced by natural and or artificial processes. In DInSAR, the topographic contribution
is removed by using out-source elevation information from a DEM. However, during the interferogram
processing by the DInSAR technique, besides the deformation component some residual terms appear
due to the topographic pattern and defects in the orbital parameters [77]. To enhance the accuracy of
DInSAR, some methods have been proposed based on persistent scatters (PS) and distributed scatters
(DS). The two most widely used methods are called Permanent Scatters InSAR (PSI) [29] and Small
Baseline Subsets (SBAS) DInSAR [27].

4.2. SBAS DInSAR Processing

For the time-series analysis, this study employs the SBAS method that was proposed by
Berardino [27]. The SBAS method was applied for both datasets—PALSAR1 and PALSAR2—separately
for the first period and the second period. The HH polarization data were selected to generate the
interferograms. The topography phase component was removed using the SRTM1 DEM data with
a 30 m resolution which was acquired in 2000. The perpendicular and temporal threshold criteria
for SBAS processing depend on the conditions of the study area [78]. A perpendicular baseline
up to 5 km can be used for ALOS PALSAR data, since longer wavelengths are less sensitive to
geometric distortion [79].

For the PALSAR1 data, the maximum perpendicular and temporal baselines of the interferogram
for SBAS processing are ±2000 m and 270 days, respectively. Accordingly, 55 pairs of interferograms
met the criteria. For the PALSAR2 data, the maximum perpendicular and temporal baselines of
the interferogram for the SBAS processing are ±400 m and 365 days, respectively. Thus, 33 pairs of
interferograms met the criteria for further processing. Figure 7a,b shows the baseline table of SBAS
DInSAR for PALSAR1 and PALSAR2, respectively.
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The generation of interferograms is affected by many types of noise—namely, speckle noise,
orbital errors, and atmospheric errors. In order to reduce the noise, an interferogram multi-looks
operation was conducted. The number of range looks was 2 and the number of azimuth looks was
4 for PALSAR1, while the number of range looks was 1 and the number of azimuth looks was 3 for
PALSAR2. Interferogram multi-looking is effective for reducing noise with the trade-off of a worse
spatial resolution [75]. In addition, to improve the quality of the interferograms, the Goldstein filter [80]
was applied. The unwrapping process was then conducted for each interferogram by using the robust
minimum cost flow (MCF) algorithm [81]. In the unwrapping step, the coherence threshold was set at
0.2 both for PALSAR1 and PALSAR2, which means that the pixels with a coherence of less than 0.2
were removed and not involved in the calculation.

The orbital error fringes interfered in some interferograms [75]. To redefine these orbital fringe
errors, a 2nd order polynomial estimation in the azimuth and range directions was applied and
calibrated with the number of ground control points (GCPs). A total of 134 GCPs located in Maliana
and Zumalae were used for PALSAR1, and 36 GCPs located in Maliana were used for PALASR2
(Figure 8b). The GCPs are located on flat land where the unwrapped phase error is minimum.
A repeated unwrapping process will redefine the interferograms. The atmospheric phase screen (APS)
is the dominant error source for InSAR [82]. A custom spatio-temporal filter—whose spatial low pass
window size is 1.2 km × 1.2 km and whose temporal high pass size is 365 days—was applied to reduce
those errors. After minimizing all the associated errors, the next step was the geocoding process and
image resampling. For this process, the temporal coherence threshold coefficient was defined at 0.4
for PALSAR1 and 0.2 for PALSAR2. Finally, the maps for the time-series LOS displacement were
generated by each dataset. The spatial resolution was 15 m × 15 m for PALSAR1 and 10 m × 10 m
for PALSAR2. An example of an interferogram map, coherence map, and LOS mean displacement
velocity map for both PALSAR1 and PALSAR2 are presented in Appendix A.

4.3. UAV Photogrammetry

UAV photogrammetry is a small remote sensing platform for acquiring high-resolution images
of the ground surface. High-resolution and georeferenced UAV photogrammetry images allow
for a wider range of applications with much greater detail and accuracy than satellite data.
The Structure-from-Motion (SfM) technique is capable of generating a georeferenced high-resolution
orthomosaic and DEM [42–45,49–51,54,83]. The UAV DEM has a high accuracy in the centimeter to
millimeter order for estimating and measuring ground surface deformation. Henceforward, in the
Geographic Information System (GIS) environment, other information can be generated from the DEM,
such as contour lines, the cross section and profile, hillshade, slope, aspect, and water flow.

A small UAV, DJI Mavic Pro, was employed for ground mapping in the study area. The DJI Mavic
Pro has been used in various fields of research [49,50,83–90]. This is a foldable drone with a flight
weight of 743 g, a maximum flight time of about 27 min, and a maximum flight distance of 13 km under
a no-wind condition. The platform is equipped with one GPS/GLONASS module, the latest Inertial
Measurements Unit (IMU) module and flight control stabilization technology in order to fly smoothly,
and a 4K stabilized integrated gimbal and autopilot module for navigation. The camera specification
is a non-metric camera with a sensor size of 1/2.3” (CMOS). It has 12.35 million pixels; a lens with a
viewing angle of 78.8◦, 26 mm (35 mm equivalent); an f/2.2 distortion of <1.5%; and a focus of 0.5 m to
infinity. It can take images with a maximum still image size of 4000 × 3000 and is capable of direct
image georeferencing. The main disadvantage of this drone is certainly its high sensitivity to wind
turbulence due to its small size and light weight.
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4.4. UAV Photogrammetry Data Acquisition and Processing

Drone Deploy provides a user-friendly and free application for flight planning and mapping.
This application can be installed both in smart mobile devices (iOS or Android) and online access in
desktop computers. It is very convenient and makes it easy to prepare all the plans and record them in
the office, either hours or days before going to do the fieldwork. The online software automatically
generates the flight path and is user configurable. Some adjustments are needed, such as the flight
altitude, flight direction, flight mapping speeds, front and side overlap percentages, and manual
camera settings, if necessary. During the flight plan configuration, the software automatically calculates
the flight duration in minutes, the total area covered in hectares, the number of images, the amount of
battery consumption, and the image resolution in cm/px. Once the flight plan is completed, the smart
device only needs to be connected to the Internet and the Drone Deploy application opened in order to
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update the latest information or project. At the desired location, the smart device can be connected
via USB to the drone, the proper project chosen, the preflight checklist started, and the flight initiated.
The drone will automatically start the rotors, record the home point, and take off, following all the flight
plan instructions and recording images in the onboard micro memory card. After completing all the
instructions, the drone will fly back to land at the home point. For this study, the percentage of overlap
was set to 75% for the front overlap, 65% for the side overlap, 80 m for the flight altitude, and 2.4 cm
for the resolution; the camera was set to automatic mode. The survey mapping was conducted without
ground control points [83,87,91–93].

The images collected were georeferenced in the WGS84 geographic coordinate system, including
the ellipsoid altitude. The georeferenced images allow the photogrammetry software to detect
the three-dimensional positions at which the images were taken. The recent improvement in the
georeferenced image processing by a powerful computer and the application of computer vision
modelling using the SfM technique allow the building of a three-dimensional terrain model with a
high quality and low time consumption [42,49,50,83,91,94]. In this study, the SfM-based software,
AgiSoft PhotoScan version 1.4.5, was employed. The output can be immediately manipulated using
GIS software such as ArcGIS 10.4 and QGIS 3.4 to correct geometric errors and to extract other
spatial information.

5. Results

5.1. Time-Series SBAS DInSAR

The ground deformation detected by SBAS DInSAR from both PALSAR1 and PALSAR2 is
presented in line of sight (LOS) displacement values and their spatial distribution (Figure 8c,d).
These LOS displacement values were furthermore used for geoprocessing in GIS software environments.
Seven points of interest (POIs)—namely, P1, P2, P3, P4, P5, P6, and P7—were defined around the
study area near the village of Oeleo (Figure 8c,d). In order to identify the distribution of ground
deformation with more detail, four areas of interest (AOIs)—AOI1, AOI2, AOI3, and AOI4—were
defined (Figure 8c,d). These AOIs were applied for the first period. Six more POIs—namely, P8, P9, P10,
P11, P12, and P13—were defined for the second period (Figure 8d). The definitions of the additional
POIs and AOIs were based on the LOS displacement images, the recent field observations, and UAV
orthomosaic image interpretation. The LOS displacement values were extracted and converted to
points for further analysis. The PALSAR1 and PALSAR2 LOS displacement time-series related to P1,
P2, P3, P4, P5, P6, and P7 are presented in Figure 8e,f respectively.

The PALSAR1 LOS displacement time-series values related to AOI1, AOI2, AOI3, and AOI4 were
extracted and applied to calculate the mean, minimum, and maximum values. These values were
used to show the ground deformation trend in Figure 9a–d, respectively. AOI2 and AOI3 show high
displacement values, while AOI4 seems more stable.

The PALSAR2 LOS displacement time-series values related to P8, P9, P10, P11, P12, and P13
were extracted and are presented in Figure 9e. Based on the LOS displacement values, both POIs—P3
and P7—seemed more constant than the others during the first period. However, during the second
period, P3 and P7 presented displacements as well. POIs P2 and P6 presented very high values of LOS
displacement during the two periods (Figure 8e,f). In Figure 9e, P8 and P9 showed LOS displacement
values of more than 200 mm compared to other POIs.
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5.2. UAV Georeferenced Photogrammetry

For this study, a UAV aerial mapping mission was conducted on 19 August 2017 without the
application of GCPs. The positioning system was based on a single built-in unit GPS/GLONASS
module installed inside the drone. Thus, a minimum of 12 numbers from the satellite had to be achieved
to get a strong signal from the GPS before starting the flight for survey mapping. This requirement is
very important for obtaining good quality georeferencing images. For most of the acquired images,
the quality was good, with values of quality estimation coefficients greater than 0.8, as analyzed by
the Agisoft PhotoScan 1.4.5 software. It was necessary to check the image quality before proceeding
to the image processing stage. For the next step, the workflow presented in the Agisoft PhotoScan
software was followed. The result presented very high-resolution orthomosaic images and digital
elevation models for both (Figure 10b,c). Figure 10a shows the acceptable georeferencing quality of the
orthomosaic image, which matched the Google Maps Hybrid. From the orthomosaic image, it was
possible to interpret and measure the ground fissures in the GIS environment with a centimeter-order
accuracy. The digital elevation model allows for other spatial information, such as contour lines and
surface profiles, to be generated.
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6. Discussion

The ground surface deformation detected by the SBAS DInSAR derived from PALSAR1 and
PALSAR2 will be discussed in this section. Multi-temporal SBAS DInSAR is a very effective technique
for detecting the subsidence over a vast area. However, for detecting local ground displacement
this technique still has limitations—namely, it is used in densely vegetated areas and under steep
slope conditions [40]. Thus, although discussions on the precise measurements of local ground
displacements are very important, they will be considered as a topic to address in future work.
The advantage of this technique was taken to find the relation between the LOS displacement results
and the behavior of the ground surface deformation from the past until the present. UAV georeferenced
photogrammetry will be used to interpret the ground surface deformation and to confirm the latest
LOS displacements synchronously.

The LOS displacement time-series clearly shows a trend in the ground deformation during these
two periods of study (Figure 8e,f). The tendency was to move in the negative direction, and the LOS
displacement values varied among the POIs. From Figure 8d, it is seem that the POIs have been
classified into three groups—namely, Group 1 (P3 and P7), Group 2 (P1, P4 and P5), and Group 3
(P2 and P6). Group 1 was more stable during the first period. However, during the second period the
LOS displacements were increasing or moving down, starting from 9 February 2016 until the end of the
period. Group 2 presented uniform displacements during the first period and continued until March
2016. After that, the LOS displacements increased drastically. Group 3 presented the highest values
of the LOS displacements during the first period. During the second period, the POIs in this group
differed from the LOS displacement values. P6 tended to be stabilized, while P2 showed a continuous
increase in the LOS displacement values during the second period. The differences in behavior between
P2 and P6 reveal important information for understanding and describing the relative movement
and direction of the ground deformation in this location. For this purpose, the latest PALSAR2 LOS
displacements were overlayered on the UAV DEM. The results showed a good coherence between the
LOS displacements and the ground surface conditions (Figure 11). As can be observed in Figure 9e,
something interesting occurred in relation to the additional POIs. P8 and P9 reached LOS displacement
values of above 200 mm. Further investigation will focus on the area of interest 3 (AOI3).
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Figure 11. Latest PALSAR2 LOS displacement image overlaid on UAV Unmanned Aerial Vehicle
(DEM) acquired on 19 August 2017.

The next step will focus on the ground surface interpretation, based on the very high-resolution of
the UAV orthomosaic and DEM (Figures 4 and 12). P6 is located at the highest location at an elevation
of 1030 m, and P2 is located at a lower location at an elevation of 990 m. AOI2 and AOI3 are located
near P6 and AOI1 is located near P2. Based on the landslide morphology presented by Varnes [74],
it was possible to identify the typical features of the ground movement or landslide. In Figure 12,
some important ground morphology features—such as the main fracture, transverse fracture, internal
fracture, pond water, and watercourses—can be identified. AOI2 and AOI3 are situated in the depletion
zone and are characterized by crowns, main scarps, heads, and flanks. Two main scarps, several heads,
and discreet flanks were identified. AOI1 lies in the accumulation zone, which is characterized by
radial cracks, transverse cracks, toe ridges, and transverse ridges. Based on this ground morphology,
it was assumed that the ground surface deformation occurred during the first period and that the
process continued until the end of the second period. The ground is seen to be moving down, following
the natural streamline in the NE direction. The ground at AOI4 is seen to be moving in the opposite
direction. The slope is steeper and characterized by translational movement, and no water pond
was found.
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Figure 12. Ground surface deformation morphology interpretation based on the UAV orthomosaic
images acquired on 19 August 2017.

The very high-resolution orthomosaic images and DEM allowed for a more detailed interpretation
of the morphology of the ground surface deformation [39]. Specific terrain profile sections were
extracted from the UAV DEM (Figure 13a). For each profile section, the ground surface as well as the
remarkable ground features and objects are presented in the graphs (Figures 13 and 14). The results
show that the ground surface deformation measurements vary from centimeters to meters in both the
vertical and horizontal directions. From Profile 1, the results of the road surface elevation extracted
from UAV DEM are presented and compared with the total station measurements. The graph shows a
good coherence between these two measurement methods (Figure 13c). The line of Profile 2 follows
the electrical pole line. It is noted that the electrical pole moved horizontally more than 4 m from the
initial position (Figure 13b,d). Profile 3 represents the natural ground surface condition and a ground
crack, shown in Figure 13e. Profiles 4 and 5 represent some parts of the roads that were affected by the
ground deformation (Figure 14f,g). Profiles 6 and 7 represent the main scarps that were measured and
illustrated in Figure 14h,i, respectively.
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illustration of Profile 7.

Additionally, the PALSAR1 and PALSAR2 LOS displacement time-series were gathered with the
earthquake data from the USGS Earthquake Catalogue and the daily rainfall data from CFSR/NCEP
and local ground stations in order to find their relationship in time occurrences, as presented in
Figure 15. Even with a moderate slope with approximately 12 degrees of inclination, the ground
deformation continues and slides in the northeast in the same direction as the watercourses.
From the LOS displacement values and the UAV orthomosaic and DEM images interpretation
results, some representative POIs—such as P2, P6, P8, and P9—were chosen. At the end of the second
period, P8 and P9 reached maximum values of more than 200 mm. These two POIs are located on either
side of the deformed road alignment (Figure 12). The relevant earthquake attributes, the magnitude
scale starting from 4.5 up to the maximum recorded values, and the hypocenter depth were selected.
The rainfall data available from CFSR only covered the first period. Unfortunately, for the second period
the daily rainfall data were not totally collected due to time and technical limitations. The rainfall data
collected from the ground station rainfall data logger partially covered the second period, starting from
7 March 2017 and continuing until the end of the period of study. The earthquake events were extracted
according to the study period and the epicenter position within a radius of 100 km from the study
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location. For the first and second periods, 21 and 34 earthquake events were selected, respectively.
The earthquakes were generally shallow, with hypocenter depths of less than 50 km for both periods.Geosciences 2020, 10, x FOR PEER REVIEW 21 of 29 
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Some previous works have confirmed these factors that influence the dynamic process of the
geological and tectonic formations of the island. Audley-Charles [55] considered the tropical rainfall
as the factor responsible for the rugged topography of the Bobonaro region characterized by deep
gullies, landslides, and knobby hillsides, as shown in Figure 3. Due to the location of Timor Island
in the arc-collision zone [55,63–69], Norvick [68] illustrated the tectonic mechanism and high seismic
activity reflected in the mountain characteristics, followed by the fragmented and chaotic structures of
the thrust and fold zones shown in Figure 1b.

In this study, some interpretations are presented based on Figure 15. During the first year,
from 1 January 2007 to 1 July 2007 eight earthquake events were recorded, one with a maximum
magnitude of 5.1 and practically all occurring during rainy months, however with low amounts of
rainfall. The ground deformation presented the maximum value of −38.1 mm. During the fourth year,
January 2010 to January 2011, six earthquake events were recorded with an average magnitude of 4.5,
and the rainfall amount was higher than that of the previous years. The ground deformation presented
the maximum value of −65.7 mm. However, for the third year—January 2009 to January 2010—only
two earthquakes were recorded, with magnitudes of 5.1 and 5.0 and a moderate amount of rainfall.
The ground deformation presented the maximum value of −46.9 mm. During the sequences of events
in the second period, the earthquake reached the maximum magnitude of 6.5 and the hypocenter depth



Geosciences 2020, 10, 245 20 of 26

of 20 km on 4 November 2015. In the same month, 16 earthquake events were recorded, with an average
magnitude of 5.0. At this stage, no rainfall contribution could be found. However, one landslide
occurrence was recorded in January 2017 during heavy rainfall. Based on this evidence, it was assumed
that the rainfall in 2017 was high. From November 2015 to March 2017, the ground deformation
presented the maximum value of −102. 6 mm. For the next few years, the LOS displacement values
showed positive evolution linked with the rainy season and seismic activity until the end of the study
period. From January 2018 to April 2019, the ground deformation presented the maximum value of
−82.4 mm.

It is well known that the occurrence of an earthquake with a certain magnitude or greater triggers
the reactivation of landslides. However, the influence does not always appear immediately after the
earthquake. On the other hand, heavy or long rainfall events induce landslides and/or changes in the
ground, and their influence can appear a relatively short time after the event under specific ground
conditions. This is because the time it takes rainfall water to infiltrate into the ground depends on the
degree of development of the catchment areas, the permeability of the ground, and the presence of
cracks in the ground [95,96]. Considering the above characteristics, it can be denied that the timing
of ground deformation, earthquake events, and periodic rainfall are clearly related to and based on
the results of the LOS displacement time-series for either period. As a practical approach, Figure 15
presents important information that should be considered as complementary data for this study.
In future works, a more precise approach will be needed to reach an acceptable conclusion.

7. Conclusions

The natural phenomenon of ground surface deformation in Bobonaro, near the village of Oeleo,
has been taking place over the years, generating a great deal of material loss for its citizens and
considerable financial loss of the state budget spent in vain on road construction and maintenance.

In this study, it was proved that multi-temporal DInSAR is capable of detecting ground surface
deformation on a local scale within the extension of an area of less than 1 km2. The results of the
LOS displacement showed the trend in the ground surface deformation during the two periods of
study. The main advantage of this technique is that it is useful for ground surface deformation
screening, even in small areas of interest and under moderate slope conditions. The latest PALSAR2
LOS displacement corresponds well with the ground surface deformation morphonology mapped
by the small UAV DJI Mavic Pro. UAV high-resolution data, obtained by orthomosaic means and
DEM, were useful for making interpretations and performing highly accurate measurements of the
ground surface deformation. The measurements varied from centimeters to meters in both the
vertical and horizontal directions. Furthermore, on-site field observations were used to clarify the
UAV photogrammetry results. The evidence given in this work shows that the DInSAR and UAV
photogrammetry techniques, used in combination, present good results.

This combination is one of the solutions for monitoring ground surface deformation in Timor-Leste.
A detailed mapping of the ground deformation will serve as a base for developing further specialized
fields of study related to this phenomenon, such as geological structures, geomorphology, climate and
hydrology, the geotechnical properties of the rock, and excavation engineering. The achievements of
these studies will contribute to supporting the infrastructure development specifically for road design
and construction and generally to the risk management strategies of the country.

The results of the LOS displacement time-series showed that the time occurrence of the ground
deformation, earthquake sequences, and periodic rainfalls are notably related. From the first period,
it was found that earthquakes and rainfalls sometimes took place consecutively or simultaneously.
It might be possible that the ground deformation was initiated by an earthquake, even that of a moderate
magnitude, and that months or years after the rainfall it certainly contributed to the continuing process
of ground surface deformation.
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