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Abstract

Over the years, InNSAR has become an indispensable tool in the study of ground deformation,
including volcanic deformation, and this continues to be the case in times of improved technology.
Since the volcanoes on the Caribbean islands of Saba and St. Eustatius are active, the implemen-
tation of an InSAR-based monitoring system is crucial to enhance the spatial resolution of volcano
monitoring beyond the capabilities of the ground-based monitoring network, for instance in the
case of localized deformations such as dike intrusions. However, technical challenges arise in these
tropical settings, caused by dense rainforest, atmospheric artifacts and terrain variability, posing
serious challenges to the use of InSAR. Time series InSAR, including SBAS and PSI, can be used
to overcome these limitations. A previous study has explored the use of PSI for monitoring, using
the already available DePSI software. In this research, an SBAS approach within the Delft InNSAR
software framework is developed using state-of-the-art Python packages, including (SAR)XARRAY,
DASK and ZARR, and is used to assess whether there is capability to develop SBAS into a vol-
canic monitoring tool for Saba and St. Eustatius. In addition, a preliminary comparison between
the SBAS and PSI methodologies is performed based on a theoretical and (semi-)quantifiable ap-
proach. This study combines data from two satellites operating at different wavelengths: Sentinel-1
(C-band) and ALOS-2 (L-band).

Assuming no ongoing deformation, based on GNSS results, the variability of the results around
zero can be used as an indicator of precision. The results obtained through SBAS are promising,
in particular for L-band, on account of e.g., extensive spatial coverage, efficiency and relatively
low variability even with the presence of atmospheric and DEM components. Overall, the results
reveal mm order deviations. In the event of volcanic activity, the expected deformation signals are
in the range of cm-dm’s and can therefore be detected, i.e., with an estimated minimal detectable
deformation of 1.5 cm/year in the worst-case scenario. The implementation of three different
coherence-based masking approaches—water, single and individual-—give an indication of the level
of robustness and reliability of the results. Generally, a relatively high level of consistency can
be observed among the different masking results of ALOS-2 for both islands, for St. Eustatius
following the correction of the unwrapping errors using two testing approaches: an interferogram
removal approach and an adaptive approach based on the DIA procedure. The latter procedure
allows for retaining all observations and their residuals and is therefore preferred. In contrast, the
Sentinel-1 results reveal a lower level of consistency. It is suspected that this inconsistency mainly
arises on account of the numerous unwrapping errors within the single masking approach. The
individual masking approach appears to be less susceptible to unwrapping errors, however is more
prone to outliers than the single masking approach. Further research, following the correction of the
atmospheric component and DEM errors, may offer insights into the preferred masking approach.
Overall, the use of L-band imagery shows potential, offering spatial coverage where C-band does
not, even with limited ALOS-2 data availability and large temporal baselines. The preliminary
comparative analysis with the PSI approach, based on the respective strengths and limitations from
literature, spatial coverage, processing steps, precision and computational requirements, suggests
that a hybrid method could prove to be advantageous to minimize (potential) signal loss, e.g. either
from limited spatial coverage or spatial resolution, and enhance volcanic risk assessment. SBAS
excels in the extensive spatial coverage, especially using L-band, providing nearly homogeneous
coverage of St. Fustatius, even on the flanks of the Quill, and on the outer flanks Mt. Scenery
on Saba. However, regardless of the mask, wavelength or method, acquiring coverage around the
summit of Mt. Scenery on Saba remains challenging.

The study contributes to advancing InSAR time series analysis for the volcanic monitoring on Saba
and St. Eustatius through the successful implementation of an SBAS approach within the Delft
InSAR software framework based on state-of-the-art packages, the implementation and evaluation
of new approaches to enhance the method in terms of the efficiency and robustness and a compar-
ison with existing software. In addition, the software can be applied in a generic sense for various
applications and can be extended for further improvements.
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1 Introduction

Volcanic eruptions are one of the most powerful agents of change, causing the destruction of life
and civilization. During an eruption, a great deal of lava, pyroclastic material, ash and dangerous
gases are released into the atmosphere with disastrous consequences that are not limited to the
surrounding area. The local landscape is altered and lives and ecosystems are threatened. The
volcanic gases pose a serious threat to the local communities and, in the long run, can even affect
the climate on a global scale (Slawinska and Robock, 2018; Robock, 2000; USGS, 2023). With
over 1500 potentially active volcanoes shaping the surface of the Earth (Bai et al., 2022), many of
which are located in tropical regions (Ebmeier, Biggs, et al., 2013), the monitoring of this hazard
is crucial for disaster risk reduction. However, merely 35 % of these volcanoes are monitored
adequately (De Zeeuw - van Dalfsen and Sleeman, 2018).

In the last decade, satellite imagery has served as an indispensable tool in understanding volcanic
eruptions and continues to be in times of improved technology (Pultarova, 2022). An interest-
ing mapping and monitoring technique regarding volcanism, in part owing to its all-weather and
all-time capabilities allowing for (semi-) continuous monitoring (Aswathi et al., 2022), is Interfer-
ometric Synthetic Aperture Radar (InSAR). Over the years, InSAR has become a key tool in the
study of ground deformations, including volcanic deformations. The ever-increasing data availabil-
ity and resolution has enabled the possibility of using InSAR as a volcanic monitoring tool. In
contrast to other techniques, the unique combination of high spatial resolution, wide-scale cover-
age, and medium temporal sampling, allows for measuring volcanic phenomena without subjection
to hazardous conditions (Van Leijen, 2014). However, the accuracy of InSAR measurements is
highly dependent on the environmental conditions (Albino et al., 2020). In comparison to higher
latitudes, studies involving InSAR, as a tool for volcanic monitoring in tropical settings are lim-
ited (Ebmeier, Biggs, et al., 2013). Technical challenges arise in tropical settings, as a result of
atmospheric artifacts as well as the dense tropical rainforest cover, resulting in the loss of radar
coherence. Furthermore, when the terrain is particularly steep, the radar image may be distorted
due to layover and shadowing effects. In addition, the resolution and sensitivity of InNSAR may
not be detailed enough to detect small, yet possibly important, deformation signals. In contrast,
considering the fact that InSAR is a relative technique, if the spatial size of the deformation signal
exceeds the size of the island, part of the signal is not captured. Given that a significant amount
of the active volcanoes are located in tropical regions, it is of utmost importance to optimize the
InSAR methodology for these challenging conditions.

Time series interferometry can be used to tackle the limitations of conventional InSAR: decor-
relation phenomena and atmospheric signal delay (Van Leijen, 2014). Previous work has shown
promise in time series InSAR, particularly for detection of slow and time-variable deformation
in smaller areas (Morishita et al., 2020) as a result of high deformation measurement accuracy.
Different time series methodologies exist, among these, one may be more suitable than others for
tropical island volcanoes and would therefore be useful for monitoring purposes. The two main
approaches, which can be combined to form a hybrid method, are Persistent Scatterer Interfer-
ometry (PSI) and Small BAseline Subset (SBAS). The primary distinction lies in their respective
approach to processing InSAR data to obtain deformation estimates as well as the use of point
or distributed scatterers (Férova et al., 2019). PSI relies on a subset of points which show stable
scattering behaviour in time, whereas SBAS relies on subsets of interferograms with small spatio-
temporal baselines. Furthermore, the correct estimation of phase ambiguities (phase unwrapping)
is related to the reliability of the time series and therefore an important step to consider. Con-
sidering PSI, individual pixels are first unwrapped in time, followed by a spatial unwrapping step.
In contrast, for SBAS, the unwrapping procedure is done spatially, followed by an integration in
time (Van Leijen, 2014). As both techniques have their respective strengths and limitations, it is
difficult to state which technique will perform better for volcanic monitoring purposes in tropical
settings. Also considering the increasing number of SAR satellite missions, with reducing revisit
time and varying wavelength. SBAS allows for a relatively large spatial coverage compared to
PSI, especially over non-urban areas (Guzzetti, 2021). PSI can be more effective in correcting for
atmospheric and orbital errors (Li et al., 2022), but can have problems in non-urban areas because
of the limited stable scattering behaviour in natural environments (Guzzetti, 2021). Therefore
careful consideration of the specific limitations of each method is of great importance.




The tropical islands of Saba and St. Eustatius, which are part of the Lesser Antilles volcanic
island arc, host the active stratovolcanoes of Mt. Scenery and The Quill, respectively (De Zeeuw
- van Dalfsen and Sleeman, 2018). These volcanoes are considered to be active, but quiet, and
pose a significant threat to the ~ 5000 people living on the islands (De Zeeuw - van Dalfsen and
Sleeman, 2018). Figure 1.1a and Figure 1.1b illustrate the general (physical) geography of the
islands. In addition to sharing similar climates and wind and sea state regimes (Allen, 2017), both
islands lack information regarding their eruption histories, which complicates hazard assessment
(De Zeeuw - van Dalfsen and Sleeman, 2018). Therefore, INSAR measurements are crucial in
the detection of signals over larger areas that may be overlooked by sparsely distributed ground
monitoring systems. Furthermore, both offer interesting research opportunities, with regards to
InSAR monitoring, considering the challenges posed by their landscape characterized by tropical
rainforests and steep slopes. Previous research has considered the application of PSI to radar
imagery of different frequency bands, using the Delft Persistent Scatterer Interferometry (DePSI)
software, as an extension of the ground monitoring network of Saba and St. Eustatius as described
by Korevaar (2020). However, the PSI time series were affected by decorrelation at the summit
and the flanks of both Mt. Scenery and The Quill which is the area expected to show the strongest
deformations in the case of volcanic unrest. Therefore, an SBAS approach is developed to investi-
gate its potential for the volcanic monitoring of Saba and St. Eustatius. Moreover, a comparative
analysis is conducted to assess the performance of the PSI and SBAS InSAR time-series techniques
for monitoring volcanic activity in these tropical regions, such that an automated multi-technique
InSAR-based volcanic monitoring system can be realized in the future.

In addition, L-band has shown potential as a volcanic monitoring tool in densely vegetated areas
due to the longer wavelength able to penetrate the dense vegetation (Konings et al., 2017). Yet,
most radar satellites currently in operation operate at C-band wavelengths, which are known to be
have a limited penetration depth through vegetation cover compared to L-band (Ebmeier, Biggs,
et al.,, 2013). The NISAR mission, planned to launch in 2024, could potentially overcome the
limited availability of L-band wavelength data. By considering L-band data from current satellite
missions, such as SAOCOM, the value of L-band in the monitoring of volcanic activity can be
evaluated.
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Figure 1.1: Physiographic Maps of Saba and St. Eustatius. Source: (Allen, 2017).




1.1 Research Objectives
1.1.1 Problem Statement

Previous research concerning the use of InSAR as a tool for volcanic monitoring in tropical regions,
in particular the Lesser Antilles, is limited (Garthwaite et al., 2019). Considering the tropical con-
ditions on the Caribbean islands, technical challenges arise as a result of the loss of radar coherence.
In addition, layover and shadowing effects result from the steep terrain causing distortion to the
radar image. Given that the majority of volcanoes worldwide are located in tropical regions, it
is crucial to investigate which InSAR methodology is best suited for an InSAR-based volcanic
monitoring system in these regions. InSAR time-series analyses are considered to overcome the
degrading factors of conventional InSAR i.e., atmospheric disturbances and the occurrence of decor-
relation phenomena (Van Leijen, 2014). PST and SBAS have shown promise in the monitoring of
volcanic activity (Li et al., 2022; Hooper et al., 2004; Joseph et al., 2022), both having different
strengths and limitations that need to be explored. In a previous study, the use of PSI for moni-
toring purposes on Saba and St. Eustatius was explored, using the available DePSI software. The
PSI time-series revealed decorrelation at the summit and the flanks of volcanoes, as a result of the
dense vegetation (Korevaar, 2020). In addition, the dependence on persistent scatterers constrains
PSI in capturing abrupt changes. To address these challenges, it is crucial to exploit the spatial
information inherent in the SBAS approach, particularly in light of the upcoming L-band missions
providing higher spatial coherence.

1.1.2 Research Questions

In this project, a case study will be conducted at the small volcanic islands of Saba and St.
Eustatius to determine if SBAS InSAR time series can be used to develop a multi-technique volcanic
monitoring system for these and potentially other tropical islands. Moreover, a comparison of the
PST and SBAS methods could provide insights into how to improve the accuracy and efficiency of
a volcanic monitoring system in tropical settings. In addition, a promising monitoring technique
in the tropics, in part owing to its large penetration depth, involves L-band SAR imaging. In light
of the NISAR satellite mission, planned to launch in 2024, the additional value of L-band imaging
can be explored.

The research question is formulated accordingly:

Is the SBAS approach a viable technique
for an InSAR-based volcanic monitoring system
on the tropical islands of Saba and St. Eustatius?

Additional sub-questions related to the main research question are explored:

e What is the procedure involved in the implementation of the SBAS time series
software and which steps can be improved to enhance the efficiency and robust-
ness of SBAS with respect to the standard approach?

To successfully implement and enhance the SBAS approach, a detailed understanding of the
step-by-step procedure is crucial. As technology advances, it is essential to improve the stan-
dard method. Data processing can be time expensive. Efficient data processing, in particular
in time-sensitive applications such as volcano monitoring, is crucial to provide data within
a reasonable time frame. In addition, the robustness of the software, specifically its ability
to handle varying parameters, is another important component. Hence, new approaches are
explored to enhance the efficiency and the robustness of the SBAS approach.

An extensive description of the (semi-) automatized processing flow of the SBAS method
is provided, including the theoretical foundation as well as technical considerations such
as the (pre-)processing steps and packages used. Additionally, the key technical challenges
encountered in the implementation process are addressed, such as data management.




e How can the obtained results from the SBAS and PSI method be compared?

The distinct processing approaches and the use of point (PSI) or distributed scatterers
(SBAS) complicate the comparison. A combination of both a theoretical as well as a quan-
tifiable approach is considered. Some general ideas are explored in the report.

e What are the advantages, limitations and sources of error associated with the
SBAS method in relation to the PSI approach in the area of interest?

Due to the limited comparative analyses between SBAS and PSI, a comprehensive overview of
the advantages and limitations is lacking. Therefore, an assessment is made of the suitability
of the respective methods, in terms of the specific requirements and limitations, based on
theory.

e How do PSI and SBAS compare in their ability to detect potential volcanic de-
formation signals on the islands of Saba and St. Eustatius?

One technique may be more suitable than the other for the volcanic monitoring of these
specific islands. Therefore, the performance of both methods is assessed such that a volcanic
monitoring system can be realized in the future. The assessment is based on both theoretical
and quantifiable factors, such as spatial coverage and precision.

e What is the added value of the SAR L-band imaging in the volcanic monitoring
system?

L-band imagery has shown to provide higher coherence than C-band. To realize a volcanic
monitoring system, the added value of using L-band data should also be considered. In
reference to the launch of the NISAR mission, the quality of the L-band results is assessed
using current satellite missions such as SAOCOM and ALOS-2 compared to Sentinel-1 (C-
band).

1.2 Previous Research

Previous research regarding InSAR monitoring in tropical settings is limited. Multiple factors
contribute to this, as described by Ebmeier, Biggs, et al. (2013) following a survey conducted in
Central America. The project involves the use of ALOS L-band data to study the applicability of
InSAR on the scale of a whole volcanic arc, the Central American Volcanic Arc. The application
of InSAR in tropical settings is hindered by dense vegetation, water vapor variations and steep
terrain. Features that are also all characteristic of the Lesser Antilles arc. Possible solutions have
been explored for these limitations. First of all, integration of longer wavelengths (e.g. L-band)
have shown to improve the coherence on account of the radar penetration, which has been the
primary limiting factor of InSAR in tropical settings. ALOS data, following the launch in 2006,
reflected this finding. However, an additional obstacle towards the application of L-band InSAR
as a real-time monitoring technique is caused by the long satellite revisit times. The majority of
radar satellites have operated at C-band, providing data since 1993. However, C-band wavelengths
are known to be affected by vegetation cover. Due to the dynamic vegetation, the scattering
properties change with time leading to temporal decorrelation. Furthermore, the extent to which
the vegetation affects the measurements is not only dependent on the density of the vegetation, but
also on the vegetation type. Secondly, it is crucial to correct for atmospheric artifacts caused by
the great variability in water vapor concentrations in the tropics, as it can be difficult to distinguish
the atmospheric signal from the true deformation signal. One of the methods proposed to reduce
the atmospheric effects involves considering a stack of interferograms, such that the SNR increases.
Another approach involves direct measurements of water vapor, e.g. using GPS, which require high
spatial and temporal density. It has been shown, through the development of correction methods,
that measurement thresholds have been lowered from cm’s to mm’s (Ebmeier, Andrews, et al.,
2018). The third and final factor involve layover and shadowing effects which arise in high relief
terrain, resulting in radar image distortion or even no data at all. The extent of the geometric




distortions is dependent on the radar look angle as well as the terrain slope angle. By considering
both ascending and descending paths, data from both sides of the volcano can be acquired. In spite
of these difficulties, the findings of the study by Ebmeier, Biggs, et al. (2013) hold promise. i.e.,
based on a coherence threshold equal to 0.15, from the 26 considered volcanoes in the arc merely
three could not be used to produce deformation maps. In another study, Wadge et al. (2000),
following the 1995-1999 eruption of the Soufriere Hills volcano in Montserrat, it is shown that
the quality of InSAR measurements and hence the monitoring ability is highly dependent on the
type of volcano. Specifically, broadly two types of volcanoes are distinguished. First the basaltic
shield volcano, characterized by low relief and known for their frequent effusive eruptions, resulting
in limited vegetation cover, and relatively shallow magma reservoirs. This combination allows
for high coherence. These volcanoes often accommodate large magnitude ground deformations,
which enhances the ability to measure the surface deformation. Second the more silicic volcanoes,
characterized by high relief, and thus susceptible to layover and shadowing effects, with great
vegetation cover. Generally, the eruptions are infrequent yet explosive and the magma reservoirs
are deeper. The monitoring ability is challenged by the generally low coherence and the small
magnitude deformation signals. The volcanoes in the study area are typical of the more silicic type
of volcano.

Although the use of conventional InNSAR has proven its effectiveness in measuring deformation in
areas characterized by good coherence, decorrelation phenomena are observable across significant
portions of nearly all volcano interferograms (Hooper et al., 2004). As described by Hooper et
al. (2004), aside from the temporal decorrelation and atmospheric disturbances, another main
degrading factor includes spatial decorrelation. This refers to the perpendicular baseline, which is
the distance between satellite tracks at two acquisition times, leading to a difference in incidence
angle which in turn affects the scattering phases. These limitations can be avoided by analyzing
time-series InSAR, i.e., PSI and SBAS methods. Both PSI and SBAS have shown promise in
volcanic monitoring (Li et al., 2022; Hooper et al., 2004).

However, as highlighted by Shanker et al. (2011), comparative analyses between the methods
applied to the same region is limited. Particularly in the context of volcanic regions, little research
has been conducted in this regard. Related research conducted in different fields and study areas
can offer insights into the primary differences observed between the methods. In the study by Xue
Chen et al. (2020), a comparative analysis of landslides is conducted in the mountainous Rovegliana
region in northeast Italy. Ascending and descending Sentinel-1 data has been processed according
to the PST and SBAS techniques. A coherence threshold of 0.3 is considered, however the analysis
is extended to resolution cells with some coherence values below 0.3. Overall, both techniques
yield useful and consistent results. However, differences arise as a result of the different strengths
and limitations of both techniques. In the case of linear deformation trends, similar results are
obtained. Conversely, the short stack of SAR images limits the capability of PSI to detect a non-
linear trend. Secondly, PSI identifies stable scatterers typically found in urban areas. SBAS also
provides deformation rates of non-urban regions, where deformation rates could vary. However,
PSI focuses on individual pixels rather than spatially correlated pixels like SBAS. This allows for
preserving the maximum spatial resolution and avoids signal loss. Yao et al. (2022) performed
a landslide study in Tibet in China, highlighting the strength of SBAS in terms of the density
and spatial coverage of the pixels. However, due to the multilooking step in the SBAS, pixel
resolution is sacrificed and high-quality scatterer signals may be lost. In contrast, PSI enables the
identification of relatively stable scattering points without the use of multilook processing. Hence,
the success of the techniques is dependent on the specific characteristics of the study area and the
application.

The 2020-2021 eruption of the neighboring island of St.Vincent offers insights into the expected
deformation in times of volcanic unrest as well as the usage of InSAR as a complementary moni-
toring tool. On 27 December 2020, La Soufriere volcano erupted after approximately 41 years of
quiescence. An initial state of minimal detected volcanic unrest, characterized by seismic activity
which was not uncommon for the region, paved the way for three months of effusive (dome-forming)
activity, followed by a series of explosions (Joseph et al., 2022). In the midst of the challenges posed
by the COVID-19 pandemic and limited resources, the monitoring capacity was reduced when the
unrest began in November. i.e., as described by Joseph et al. (2022), the monitoring network in-
cluded merely one operating seismic station located 9 km from the volcano and a single continuous




GPS station. In response to the activity of the volcano the monitoring network was upgraded,
including the installation of eight broadband seismic stations and four additional continuous GPS
stations. In addition, InSAR was introduced as a complementary monitoring technique to augment
ground deformation monitoring using ALOS-2 and Sentinel-1 images. The ALOS-2 and Sentinel-1
radar detected a LOS deformation signal of a magnitude of less than 10 cm around the crater,
between 19 and 31 December 2020, associated with a dike intrusion at less than 500 m of depth.
A signal that went unnoticed by the ground-based monitoring network in place (Joseph et al.,
2022). In Camejo-Harry et al. (2023), a detailed description of the expansion of the monitoring
network of St.Vincent is provided and the available GNSS and InSAR time-series data, which
includes data from ALOS-2, Sentinel-1 and SAOCOM-1 are analysed. This paper gives insights
into the expected deformation in times of volcanic unrest. Different processing techniques have
been applied for the different InSAR, data-sets, but all have undergone processing using a SBAS
technique. For SAOCOM-1 dedicated software is used and for ALOS-2 a PS-SBAS interferogram
is formed using StaMPS on account of the large baselines. Sentinel-1 provided useful results within
the crater region but not outside, due to poor coherence as a result of dense vegetation. ALOS-2
and SAOCOM-1 provided valuable results regarding deformation processes taking place at greater
depth, beyond the crater region. The resulting time-series for GPS and the unwrapped interfero-
grams for ALOS-2 as well as SAOCOM-1 are visualized in Figure 1.3 and Figure 1.2, respectively.
Continuous GPS (cGPS) shows the expected values for the pre-eruptive (effusive), syn-eruptive
(explosive) and post-eruptive states. Similarly, for ALOS-2 and SAOCOM-1 the pre-eruptive state
is visualized, showing mm up to cm order LOS displacement. From the ¢GPS results it can be
observed that in the event of an eruption, cm-order displacement and eventually even displacement
up to the order of dm’s occurs. Nonetheless, as described by Roobol and Smith (2004), on account
of the last deposits of the Quill on St. Eustatius and the open crater, the eruptive style is expected
to be similar to that of the Soufriere volcano, known as a ”St.Vincent-style” eruption. Regarding
Saba, Pelean-style activity is expected, named after the 1902-05 eruption of Mt. Pelée on Mar-
tinique. This eruption style is characterized by dense andesite deposits and a series of phreatic
explosions, followed by intermittent dome growth (Roobol and Smith, 2004).

SAOCOM

-75-50-25 0 25 50 75
LOS Displacement (mm)

Figure 1.2: Unwrapped interferograms over St. Vincent in pre-eruptive state of ascending tracks
from a) ALOS-2 path 36 (Jan 2020-Jan 2021) and b) SAOCOM-1 path 29 (Oct 2020-Feb 2021).
Negative LOS represents motion towards the satellite. It is apparent that the spatial coverage is
limited for both satellites and that differences in magnitude occur. These differences can possibly
be attributed to the distinct time frames or incidence angles. Source: Camejo-Harry et al. (2023).
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Figure 1.3: Raw ¢GPS time-series of three different stations located in St. Vincent for the year
2021, showing the different components as well as the daily volcanic earthquake counts. Yellow
bars = effusive phase; red bars = explosive eruptive phase. Source: Camejo-Harry et al. (2023).

1.3 Terminology

Throughout the report numerous terms are used to describe the produced results. These terms
are defined as:

e Capability: the ability to detect deformation signals. In other words, the question is whether
the expected deformation signals surpass the detection limit. This can essentially be split
up into three key components. First of all, a specific spatial sampling is required, which
is dependent on the type of deformation. Extensive coverage is required for local deforma-
tions, whereas less coverage may be necessary for large-scale deformations. Secondly, a high
temporal sampling is essential for timely detection of a deformation signal. Finally, a cer-
tain precision is needed, i.e., the precision determines the value of the minimal detectable
deformation.

e Consistency: the agreement between the produced results following from different data sets
as well as the masking approaches, in terms of trends, patterns, sign and magnitudes.

e Robustness: the resilience to varying parameters. To what extent do different settings/pa-
rameters produce similar results, e.g., in terms of the level of consistency.

The reliability in this context is then formulated accordingly:

e Reliability: the ability of the method to produce consistent results between data sets of dif-
ferent tracks, that are overall resilient to varying parameters. In other words, the robustness
and the consistency can be indicative of the overall reliability of the produced results.

In addition, to complement the assessment of the reliability, an understanding of the limita-
tions and potential sources of error of the method and data sets is crucial.




2 Background

In this chapter, an overview of relevant theory, important to gain understanding on the main
principles of both conventional (Section 2.1) and time series InSAR (Section 2.2), is provided. In
terms of time series InSAR, the two main approaches are considered, i.e., SBAS in Section 2.2.1
and PSI in Section 2.2.2. The key features and limitations of conventional InSAR as well as both
time series approaches are explored.

2.1 InSAR

Interferometric Synthetic Aperture Radar (InSAR), as the name suggests, is a (ground deforma-
tion) mapping technique based on Synthetic Aperture Radar (SAR) imagery. InSAR is a La-
grangian method, meaning that it tracks particles on the Earth’s surface over time. This sets it
apart from the Eulerian technique, which evaluates elevation changes over time at fixed horizontal
coordinates, rather than considering the actual path taken by particles. In the InSAR technique,
two radar images are interfered to extract information, by means of exploiting phase differences,
about the Earth’s surface and atmosphere (Van Leijen, 2014). SAR is a notable observation tech-
nique, partially owing to its all-weather and all-time capabilities (Shinozuka and Mansouri, 2009).
In other words, the fact that SAR produces quality data under most weather conditions, including
rain and clouds, as well as the ability to operate at night, allows for (semi-)continuous monitoring.
SAR can be defined as an active microwave remote sensing instrument, either terrestrial, airborne
or space-borne, comprising of a sensor which serves both as an energy source and a receiver for
the reflected radar signal (Pepe and Calo, 2017). As the sensor moves along the flight path, the
azimuth direction, the transmitter releases successive pulses focused into a narrow beam by the
aligned antenna, directed downwards, under a certain angle to the side, onto the Earth’s surface.
The specific geometry of SAR is visualized in Figure 2.1a. The principles of SAR rely on the
simulation of a long antenna, called the aperture, synthesised using the movement of the radar
antenna. The azimuth resolution is closely related to the dimensions of the radar antenna. That
is, the azimuth resolution is determined by the beam width, which is inversely proportional to the
length of the antenna. A smaller antenna, and thus a broad beam width, will result in a wider
bandwidth and, accordingly, a finer resolution (Hanssen, 2001).
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(a) Configuration of a radar in motion.
Source: Dell’Amore et al. (2019). (b) SAR frequency bands. Source: NASA (2020).

Figure 2.1: SAR principles.

The radar measures radar reflectivity of features as a function of distance. More specifically, the
SAR signal, also called radar backscatter, contains intensity and phase information (Van Leijen,
2014). The phase (1) of the SAR image is determined by the distance between the satellite




antenna and the reflecting surface based on the two-way travel time, and represents the fraction
of one complete sine wave cycle. The intensity (I) is often represented by the amplitude (A),
which is defined as the strength of the radar response (Online, 2023) and related to [ as A = VI.
Both the time delay and the strength of the return signal depend on the physical and electrical
surface properties, primarily on the surface cover and roughness as well as the dielectric properties
(Van Leijen, 2014; Hanssen, 2001). The total radar measurement per pixel is the summation of all
reflections. The phase and amplitude can collectively be represented using a complex phasor (P),
defined as

P = Ae™. (2.1.1)

The phasor corresponds to a complex value of a resolution cell within a radar image. Specifically,
the real (Re(P) = Acos (¢)) and imaginary (Im(P) = Asin (¢)) part of P are saved using a regular
grid to produce a two-dimensional radar image (Van Leijen, 2014). A and ¢ can accordingly be
derived as

A =/(Re(P))? + (Im(P))2,
hn(P)> | (2.1.2)

1) = arctan2 (Re(P)

The reflections result from interactions between the radar waves and the target surface or object.
The reflection mechanisms can be broadly divided into two extreme scattering types, respectively:
point scattering and distributed scattering. Point scattering occurs when the radar measurement
is predominantly from a single strong reflecting object, referred to as a point scatterer. In the case
of distributed scattering, in contrast, the total radar measurement is formed by various scattering
objects. These scattering mechanisms can either be coherent or incoherent over time (Van Leijen,
2014).

Considering data in SLC format, as done in this research, the SLC phase for a pixel can be defined
as the sum of a variety of phase components:

lb = —2ma + ¢range + ¢atmo + wscat + d)noisea (213)

in which the components include the range dependent phase t;ange, the atmospheric signal delay
Yatmo, the scattering phase ¥scat and the noise ¥yeise. In addition the (wrapped) phase is ambiguous
and thus the phase ambiguity is included, as represented by a. Specifically, the ambiguity is the
number of full (27) phase cycles.

2.1.1 Interferometric Phase

A complex interferogram can be obtained by performing multiplication of one SLC image by the
complex conjugate of the other image

pmd = pmpit = Am A% exp (i (v —¢7)), (2.1.4)

where the * represents the complex conjugate, m is the mother and d is the daughter (Van Leijen,
2014; Hanssen, 2001).

The interferometric phase, also denoted ¢™?, for a single pixel is composed of various phase
contributions as expressed here

md

® = wm - ’(/)d = —2ma + @range + Patmo + Porb + Pscat + Pnoise- (215)




Aside from the noise terms (@noise; Pscats Porb), the phase contributions include an atmospheric
(¢atmo) and a range part (¢range). The range contribution can be expressed in terms of a flat Earth
(¢fat), topographic (@iopo) and deformation component (@qefo), respectively.

More specifically, the different positions of the antennas from the mother and daughter are the
source for two phase contributions. First of all, the flat Earth phase denotes a reference surface,
such as an ellipsoid in the case of the Earth. Secondly, the topographic phase results from the to-
pography above this reference surface. Assuming that the travel paths to the mother and daughter
antenna’s are parallel, it can be shown that as the perpendicular baseline increases, so does the
sensitivity for height (Hanssen, 2001). Both the flat Earth phase and the topographic phase can,
to a large extent, be modeled by a DEM. The deformation phase holds information regarding the
displacement of the surface and needs to be estimated to obtain deformation estimates (Van Leijen,
2014). The differential phase term resulting from the change in the signal travel path is defined as

—47

$defo = ——Dros, (2.1.6)

in which Dy,og is the deformation in the radar LOS direction, which is in the direction of the inci-
dence angle. Therefore, both horizontal as well as vertical displacement are contained within the
measurement. Furthermore, the atmospheric phase results from the different atmospheric states
between two acquisitions. An ionospheric and tropospheric term can be distinguished. The disper-
sive nature of the ionosphere introduces a wavelength dependent delay, that is, longer wavelengths
have larger delays. Overall the tropospheric delay is largely constant, however the differential delay
is strongly variable. This delay stems from the so-called wet delay, due to the water vapor distri-
bution, and from vertical stratification, introduced in mountainous areas, affecting the radar path
length (Van Leijen, 2014; Hanssen, 2001). Finally, the noise terms include the errors in the orbit
parameters of the acquisitions (o), the scattering phase, due to changing scatter characteristics
and, lastly, the remaining noise term containing e.g. thermal and processing noise (Van Leijen,
2014). The noise and change in scatter characteristics leads to decorrelation. Different sources of
decorrelation exist.

In the context of InSAR application, the coherence serves as a measure of the quality of the
interferometric phase (Hanssen, 2001). A high coherence suggest minimal contribution from the
scattering phase and thus limited decorrelation, thereby increasing the potential for accurately
estimating the remaining phase contributions (Van Leijen, 2014). The coherence is a measure of
similarity between two radar images (Hanssen, 2001), mathematically defined as

= Ely: - y3] .
\/E[|y1|2] - Elly2/?]

(2.1.7)

In practice, the expectation is unknown considering that only a single realization per pixel is
available (Hanssen, 2001). Therefore, some kind of averaging of pixels is required to be able to
obtain an estimation

N *
41 ‘anl ygn)y2(n)

’)/ =
N n N n
\/Zn_l ‘y§ ) Zn:l ‘yé )
(n) (n)

where |9| is the coherence magnitude over a window of N pixels and y; ~ and y5 ~ are the complex-
valued signals at time n, which in this specific context represent the SLC phasors.

(2.1.8)

2 2’

2.1.2 Limitations

As any technique, InSAR has its limitations. These limitations stem from the underlying principle
of repeat-pass measurement as well as the side-looking configuration (Figure 2.1a) and, in the
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context of tropical island settings, include decorrelation phenomena, geometric distortion effects
and atmospheric signal delay. Each of these will be discussed more thoroughly here.

In addition to system (thermal) and processing noise, a change in the scatter characteristics as
described by the interferometric scattering phase @gcat, results in signal decorrelation. There are
various sources of decorrelation, the main sources relating to the research are described here. i.e.,
temporal decorrelation, due to changes in surface scattering over time, volume decorrelation, arises
from a radar signal penetrating a scattering medium, and geometric decorrelation, as a result of
different imaging geometries during the two acquisitions. The total coherence can be defined as
the multiplication of the correlation terms (Hanssen, 2001)

Ytot = Ytemporal X Ygeom X Yvol X Ythermal X “Yprocessing - (219)

More specifically, geometric decorrelation (Ygeom) is the result of different incidence angles during
the two acquisitions, which causes a spectral shift between the data frequency spectra. The geo-
metric decorrelation can be defined as a function of the critical baseline B it, representing the
baseline causing a spectral shift equal to the (range) bandwidth B,.. As a consequence, the range
spectrum consists of non-overlapping parts which, in turn, results in noise. The value of B i is a
function of the wavelength, incidence angle, (range) bandwidth and topographic slope. Assuming
a rectangular spectrum (Van Leijen, 2014; Hanssen, 2001), the following expression can be derived
for the geometric decorrelation

B crit — B
Ygeom = maX(L’Btim, O) (2110)
1 ,crit

Temporal decorrelation (Viemp) is commonly caused by vegetation, hence arid and polar areas are
usually characterized by high (temporal) coherence. In this case, the effect of temporal decorrela-
tion can be reduced by employing longer radar wavelengths. Another common source of temporal
decorrelation includes the presence of water bodies, causing complete decorrelation regardless of
the wavelength. The volume scattering is highly dependent on the scattering medium in question
and the radar wavelength. In addition, thermal decorrelation is dependent on the system charac-
teristics and arises from thermal noise in the instrument and processing decorrelation results from
errors in the processing steps, such as the generation of interferograms or the coregistration process
(Van Leijen, 2014; Hanssen, 2001).

Considering the atmospheric delay, its spatial correlation makes it challenging to distinguish the
atmospheric signal from the deformation signal as well as from topography and orbital errors. The
impact can span a range from mm up to cm’s in magnitude (Van Leijen, 2014). Especially in
mountainous areas, both the amount and spatial distribution of water vapor is highly variable.
Nonetheless, apart from turbulent mixing, the vertical stratification effect occurs when dealing
with elevated terrain. Specifically, vertical stratification arises due to different vertical refraction
profiles of the troposphere between two SAR image acquisitions (Webley et al., 2002). Therefore,
the correction of atmospheric phase contributions would be desirable.

Geometric distortion effects, comprising of foreshortening, layover and shadowing effects, are in-
troduced in high relief areas. The viewing geometry of SAR is in the slant range, as depicted in
Figure 2.1a. Consequently, depending on the satellite incidence angle and the slope angle, these
distortions occur. Given a slope facing the SAR sensor, with a slope angle which is smaller than
the satellite incidence angle (), the slope will appear smaller in the radar image, as visualized in
scenario (b) in Figure 2.2. This effect is referred to as foreshortening and is maximized when the
slope angle equals the incidence angle, i.e. the radar beam is perpendicular to the slope. Given
scenario (b) in Figure 2.2, the effective length indicated by A’B’ would be reduced to zero, resulting
in an undetectable slope. Layover is an extreme case of foreshortening and occurs when the slope
angle exceeds the incidence angle. As visualized in Figure 2.3 on the left, the top of the moun-
tain (B) reaches the satellite before the backscatter of the foot of the mountain (A). That is, the
expected order of backscatter arrival is reversed, which leads to geometrical inversion in the slant
range causing the lower part of the slope to be masked by the top. In other words, the slope will
appear as though inverted in the radar image. Given a slope facing away from the sensor with a
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slope angle exceeding 90 — 6, the SAR pulses are blocked by the mountain and no measurement can
be acquired. This phenomenon is referred to as radar shadow and is illustrated in the right image
of Figure 2.3. In contrast, when the opposite occurs, the range resolution of the slope is enhanced
(Xiaohong Chen et al., 2018). Hence, using data from both the ascending and descending track is
useful such that both sides of the slopes, for instance of a volcano, can be measured.

Radar data
acquisition plane

Radar data
acquisition plane

‘ Radar data L 4

acquisition plane
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Figure 2.2: SAR imaging example for three scenarios, in which R 4/Rp are the slant range distances
of targets A/B and A’/B’ represent their projections on the acquisition plane. In a) a flat area is
visible in which Rp > R4 and no distortion occurs. In b) foreshortening occurs because Rp < R4
due to the elevation, causing the slope (AB) to appear compressed (A’B’). In c) layover occurs as
the slope angle increased Rp >> R4, causing geometric inversion in the slant range (B’ reaches
acquisition plane before A’). Source: Wu et al. (2021).
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Figure 2.3: This SAR geometry example demonstrates two scenarios. In case a) layover occurs
as the slope angle (slope facing the sensor) exceeds the incidence angle (), causing geometrical
inversion in the slant range. Case b) illustrates radar shadow, in which the slope angle exceeds
90 — 6, resulting in no data regions. Source: Vollrath et al. (2020).
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2.2 Time Series InSAR

Time series interferometry can be used to tackle the limitations of conventional InSAR, that is
atmospheric signal delay, temporal and geometric decorrelation. Time series InSAR is an extension
of conventional InSAR. A stack of multiple interferograms is analyzed in a single framework, which
overcomes the lack of redundancy as is the case in a single interferogram. i.e., the SNR increases
and a deformation time-series can be estimated. The ultimate goal is the detection of pixels for
which the deformation time series can be estimated with sufficient reliability (Van Leijen, 2014).
There are two main approaches, differing in the way the interferograms are selected and processed
to obtain deformation estimates as well as the usage of point scatterers or distributed scatterers:
Persistent Scatterer Interferometry (PSI) and Small Baseline Subset Algorithm (SBAS). The main
principles and limitations of both techniques are described in this section.

2.2.1 SBAS

The Small Baseline Subset Algorithm (SBAS) procedure was proposed in 2002 by Berardino et
al. (2002). Different extensions and variations of the basic principle of the technique have been
developed since. In this section a description of the basic processing steps is provided. A detailed
outline of the SBAS approach can be found in Berardino et al. (2002).
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Figure 2.4: Block diagram of the SBAS algorithm. Source: Lanari et al. (2007).

The main principle relies on the selection of combinations of data pairs characterized by small
temporal and spatial baselines. The former refers to difference in acquisition time, while the latter
refers to the orbital separation. By doing this the decorrelation phenomena are minimized (Yao
et al., 2022). In addition, conversely to PSI, distributed scatterers are used (Farové et al., 2019).
Key features of the algorithm include the significant number of SAR images, enabling to maximize
the temporal sampling rate of the retrieved signals, and the high spatial coverage provided over
the area of investigation, as is characteristic for conventional InSAR, on account of the distribution
of the images in small baseline subsets (Berardino et al., 2002).

The approach consists of a number of basic processing steps, a schematic of the general workflow of
the SBAS algorithm is visualized in Figure 2.4. Some analytical details of the main basic processing
steps are described. It is assumed that the SAR images are coregistered in a common reference
grid with respect to one mother image.

SAR Image Pairs Selection & Interferograms Generation

A set of N + 1 SAR images, acquired at different times (¢o,...,tx) and covering the same area
of interest, are considered. From this set of images M differential interferograms are generated,
following a short-baseline configuration and based on a selection process, where only image pairs
characterized by small spatial and temporal baselines are selected, as well as a small frequency
shift between the Doppler centroids. This could yield several independent small baseline subsets.
Following the topographic phase removal, using an external DEM, the j** generic interferogram for
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one pixel (z,7), in range and azimuth coordinates, at times t 4 and ¢t can be defined as (Berardino
et al., 2002; Lanari et al., 2007):

6¢j($,T) :(b (tB,iL',’l") - (b(tA,LL',’I")
Ar dm B jAz 4w
N d(tg,z,r)—d(ta,z,r)] + N rsind + By [datmo (tB, %, 7) — datmo (ta,x,7)]
+Anj,Vj = 1,...,M.
(2.2.1)

In this equation ¢(tg,x,r) and ¢(tg,x,r) are the phases of the image pair acquired at times ¢4 and
tp,d(ta,z,r) and d(tp,z,r) represent the radar LOS projections of the cumulative deformation at
the respective times with respect to the time reference to: ¢(to,z,7) = 0,V(z,7). X represents the
central wavelength of the transmitted signal. Furthermore, the terms 4T Ii;’ﬁs,z and dagm (ta,z, )
and datm (tg, 2, ) account for the DEM error (Az) and the atmospheric signal delay. The r, ¢ and
B ; represent the sensor-target distance, the look angle and the spatial baseline respectively. In

addition, the term An; accounts for decorrelation effects (Lanari et al., 2007).

Multilooking

A potential drawback of distributed scatterers, depending on the conditions of the study area, is
on account of their inherent phase noise, which results from signal decorrelation (Ansari et al.,
2021). Multilooking is commonly used in distributed scatterers inteferometry, including the SBAS
technique, to reduce stochastic noise and improve phase estimation in InSAR, observations. The
multilook operation, also referred to as spatial averaging, involves averaging the complex returns
of adjacent pixels (Zheng et al., 2022), see Equation 2.1.8.

However, it was found by Ansari et al. (2021) that multilooking may introduce a noise term
correlated with the temporal baseline. Specifically, the discrepancy increases with a decreasing
imposed temporal baseline in the image pair selection process. Therefore, considering the key
principles of the SBAS method, it is crucial to assess the origin and impact of the noise term. The
residual phase signal, resulting from the multilooking-induced inconsistency among a network of
three interferometric phases, is referred to as the closure phase. The closure phase is defined as the
angle of the triple product of the network of three interferograms: P%, P/¥ P* which can also be
written as the sum of the interferometric phases ', 7%, o+

ApiF = /Pl pikpki — Apid 4+ ApIF 4+ ApFt, (2.2.2)
For single-look interferograms, related according to Aw' = ' — i, the closure phase yields Aplk =
0. On the contrary, for multilooked observations these closure phases are typically nonzero, leading
to ’inconsistent phase measurements’. The sign, magnitude and temporal behavior of the closure
phase varies with different regions and land covers (Ansari et al., 2021).

The magnitude of the closure phase in multilooked interferograms is deemed to be relatively small,
especially compared to atmospheric artifacts. However, the propagation of the phase bias within
long time-series can affect the accuracy of displacement velocity maps, potentially introducing
errors ranging from sub-millimeter to even centimeter order per year (Ansari et al., 2021). It is
therefore crucial to take this effect into account when interpreting displacement estimates.

Finally, it should be noted that the use of multilook imagery in the SBAS method makes it less
suitable for detecting local deformations (Crosetto et al., 2016). Depending on the application,
this aspect requires careful consideration.

Interferograms Phase Unwrapping

A limitation of the SAR system in signal transmitting and receiving models is that the extracted
interferometric phase information represents the absolute phase modulo 27, due to the cyclic nature
of the phase. To recover the absolute phase information (unwrapped phase), an operation known
as phase unwrapping is performed (Yu et al., 2019). To illustrate, a simplified representation of
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Equation 2.1.5 for the wrapped phase is considered for a pixel s

P(s) = dp(s) — 2a(s)m, (2.2.3)

where ¥(s) € (—m, 7], d¢(s) represents the unwrapped phase and a(s) is the phase ambiguity, in
other words the number of full phase cycles (Van Leijen, 2014), and takes on integer values. Diffi-
culties arise due to the fact that both d¢(s) and a(s) are unknown and thus phase unwrapping is
an ill-posed inverse problem. Namely, for one (s) and different a(s) multiple solutions can be ob-
tained for the unwrapped phase. This means that certain assumptions and additional information
are required for the correct estimation of phase ambiguities, such that the unique solution for d¢(s)
can be obtained (Yu et al., 2019). The characteristics of both the measurements and the signal of
interest are determining factors in the ability to correctly estimate the ambiguities. Particularly,
the noise levels in the measurements, related to the amount of decorrelation, the spatial gradient
in the atmospheric signal and the spatio-temporal smoothness of the deformation signal. As the
reliability of the deformation time series can be directly linked to the phase unwrapping process
(Van Leijen, 2014), this is a crucial step to consider.

For SBAS a 2D+1D unwrapping approach is typical. That is, the two dimensions in space are
unwrapped first, followed by an integration in time. The former is the most important part and
strongly depends on the smoothness of the signal. An assumption is made regarding the spatial
smoothness of the deformation signal, which allows for improved assessment of the variations in
deformation patterns in time (Van Leijen, 2014).

Interferograms Inversion

The unwrapped phase values are then used to obtain the unknown mother and daughter image
phases. Using Equation 2.2.1, a system of M equations: [d¢g(x,7), ..., 0¢rp—1(x, )] in N unknowns
(@ (t1,2,7) ey @ (N, 2, 7)] (&(t0, z,7) = 0,V(x,7)) can be set up (Berardino et al., 2002; Lanari
et al., 2007) and solved using a Least-Squares operation. This can be reorganized by using matrix
formalism

5 = A, (2.2.4)

implying pixel-by-pixel (temporal) analysis, in which A is the design matrix relating the set of
interferograms following from the pair selection procedure.

In addition, considering that SBAS commonly yields independent subsets as a result of the selection
process, rank deficiency of the design matrix occurs. The SVD method can be implemented in case
of multiple subsets to effectively combine all available interferograms. Specifically, SVD allows for
evaluating the pseudo-inverse of the design matrix, providing the minimum norm Least-Squares
solution. Consequently, in accordance with Equation 2.2.4, the method forces the method as close
to zero as possible. This could however introduce large discontinuities. To obtain realistic geological
processes rather than large discontinuities in the deformation estimates (Berardino et al., 2002), the
magnitude and velocity in the LOS direction during each imaging period can be estimated. Using
an averaged representation of the deformation pattern, smoothens the large discontinuities. This
can be done by replacing the unknowns with the mean phase velocity between adjacent acquisitions
in time

v oy = 2mr) el er) = ltnar) | (2.2.5)

ty —to ty —tn—1

resulting in the new system of equations

Bv = §¢, (2.2.6)

where the new design matrix B relates each imaging period.
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Artifacts estimation & Filtering

Finally, the phase contributions from the atmospheric and topographic artifacts are still present
in each of the pixels. To improve the estimate of the deformation signal, it is desired to perform a
decoupling of these patterns, which can be achieved by considering the respective characteristics
of the patterns. For the topographic component, its correlation with perpendicular baselines with
respect to the LOS is exploited (Lanari et al., 2007). To estimate the topography, it is crucial to
consider the variations in orbits (orbital tube) (Van Leijen, 2014). Concerning the atmospheric
phase signal, the signal is known to be highly correlated in space, yet poorly in time (Lanari et
al., 2007). Different approaches exist to account for the atmospheric effect, either based on the
available data itself or on external data (Ebmeier, Biggs, et al., 2013).

Concluding remarks

The main error sources of the SBAS technique, in detecting deformation signals, include phase
unwrapping errors as well as unfiltered atmospheric phase artifacts (Lanari et al., 2007). In addi-
tion, the phase closures due to multilooking require careful consideration. SBAS is most suitable
for spatially correlated deformation signals. In contrast, the PSI method enables the detection of
small-scale displacement, such as that of a single building, using a 1D+2D unwrapping approach.

2.2.2 PSI

Ferretti et al. (2000) introduced the first PSI technique in 2000, followed by an extension in
2001, more specifically referred to as the Permanent Scatterers approach. This work provided a
foundation for further development and different extensions followed, differing in e.g. the pixel
selection criterion and the deformation model used. Notably, among these developments is the
DePSI algorithm proposed by Van Leijen (2014), which is considered in this research.

The main principle exploits the presence of point (persistent) scatterers (PS), that show stable
scattering behaviour over several years, to mitigate the impact of temporal decorrelation. Hence it
relies on the temporal coherence of the radar signals. In addition, on account of the typically smaller
dimensions of the scattering objects compared to the radar resolution, the scattering behavior of
the objects is effectively averaged within a single resolution cell. The reflection dominance of a PS
within the resolution cell strongly reduces the geometric decorrelation effect. A key feature of the
algorithm includes the exploitation of all available SAR images, that is to say not restricted by the
baseline, enabled by the selection of single coherent pixels (Ferretti et al., 2000). Consequently, the
resulting deformation time series is extensive and rich in useful phase information. In addition, the
estimation of the sources of error (e.g. atmospheric signal delay) is improved (Van Leijen, 2014).
In general, the location of these PS is unknown beforehand and depending on the study area, the
radar wavelength and the spatial extent of objects, the PS density can differ significantly.

Some analytical details of the processing steps followed in DePSI are provided, since the generated
outcomes by this algorithm will be considered for the comparative analysis with the SBAS method.
The main goal of the DePSI algorithm involves the detection and estimated deformation time-series
of the PS by considering a SAR data stack. Other key outputs include different quality indicators,
such as the temporal coherence. The approach is based on a hierarchical PS structure and has a
so-called modular setup allowing for specific steps to be re-executed or disabled as desired by the
user and depending on the application. The approach composes a total of nine modules, some of
which are optional to improve the PS detection. The different modules are summarized here, a
detailed description is however provided by Van Leijen (2014). The optional steps are discussed
in a global context only. It should be noted that DORIS (B. Kampes et al., 2003) is used for the
interferometric processing of the data.

Initialization

DePSI starts with the available interferometric data stack after processing with DORIS. A single
mother baseline configuration is considered to generate the interferograms. Given N + 1 SAR
images, a total of N interferograms can be generated with respect to the same mother image. The
mother image is selected following minimal overall decorrelation criteria. The metadata specifying
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the interferometric data set, including the data source and mother image, is used to read the data.
Furthermore, the process parameters can be set to define the desired processing flow, selection
thresholds and deformation models depending on the specific application.

Persistent Scatterer Candidates selection

Given the fact that the interferometric phase is wrapped and composes a variety of phase contri-
butions (Equation 2.1.5), the phase is not a favorable criterion for the selection of the so-called
persistent scatterer candidates (PSC). Instead, amplitude information can be used to detect points
with stable phase behavior. This is possible following the assumption that a strong point scatterer
is characterized by a notably large amplitude, thereby dominating the resolution cell and limiting
other interference on the resulting phase. Specifically, the Normalized Amplitude Dispersion, de-
noted Dy, is considered and can be related to the phase stability or phase standard deviation (o)
through the mean (u4) and standard deviation (o 4) of the amplitude

oy & tan (oy) = Z—i = Dy. (2.2.7)

In other words, pixels with a constant amplitude in time and thus characterized by a low D4 and
oy, are selected as candidates. This relation is valid in case of low oy values, thus limited noise
levels, and its reliability is improved with an increasing number of acquisitions.

First and higher-order PSC can be distinguished and require different selection criteria. The first-
order PSC make up the reference network, therefore a homogeneous distribution over the image
is crucial in establishing a network that provides adequate coverage of the area of interest. To
achieve a homogeneous distribution, a uniform grid with a specific resolution (generally 200-500
m) is considered. For each grid cell the candidate is selected based on the set amplitude dispersion
threshold (0.2-0.3), which is dependent on the number of images in the interferometric stack. To
avoid the PSC being in close proximity a grid adjustment is implemented, where the grid is shifted
by half its size in both azimuth and range directions. In doing so, the final selection of first-
order PSC is obtained. The higher-order PSC are then selected based on an increased threshold
(0.4-0.45) compared to before, such that more PSC are selected, including the first-order points,
and a densified network is obtained. Finally side lobe pixels, arising from the spatial signature of
a point scatterer, are identified and discarded. Following the selected PSC, the data is reduced
significantly.

Network construction

As mentioned in the previous step, the reference network is formed using the selected first-order
PSC. The reference network is constructed following an iterative approach in which four steps are
repeated after each atmospheric and, possibly, orbital phase screen estimation and removal. The
four steps include the estimation of the data precision based on variance component estimation
(VCE), the formation of a spatial network between the PSC, the temporal ambiguity resolution
for each arc in the network and the spatial ambiguity resolution.

To understand the need for the first two steps, the unwrapping procedure is considered. In the case
of PSI, typically a 1D+2D unwrapping approach is followed. That is, the temporal ambiguities
are first resolved, followed by the spatial ambiguities. The temporal ambiguity resolution can be
expressed mathematically in terms of a functional model E{y}, relating the phase observations to
the unknown parameters, and a stochastic model D{y}, accounting for the statistical properties
of these observations a

E{y}=Az ; D{y}=Q,, (2.2.8)

in which y is the observation vector, A the design matrix, x the vector of unknowns and @), the
covariance matrix. In addition, E{.} and D{.} represent the expectation and dispersion operator,
respectively. By estimating the stochastic model of the double-difference (i.e. differences in time
and space) phase observations for each arc between the PSC, as described by @, the ambiguities
can be resolved. The latter is done in the first step. @, can be obtained through error propagation
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on the stochastic model of the original SLC data. To simplify, one single @), is considered for
each arc between the candidates, following the assumption that the correlation between different
daughter acquisitions is negligible. The (co-)variance components can be estimated by least-squares
variance component estimation (VCE), based on the double-difference phase observations of arcs
between the first-order PS. The first estimation is however performed before the detection of the
first-order points and is therefore based on the PSC observations.

In addition, since PSI relies on individual point scatterers, arcs are required to connect the scat-
terers such that the spatial relationship between the persistent scatterers can be captured. This is
achieved in the second step, in which the spatial network between PSC is constructed. After the
selection of the first-order PSC, a spatial network is formed. To do so, a Delaunay triangulation
can be used, resulting in a limited number of connecting arc. In addition, arcs that are too long
are removed. Another method, proposed by B. M. Kampes (2006), can be employed to maintain
a minimal number of connections. Specifically, the redundancy in the network is increased, which
is essential for resolving the spatial ambiguities. Extensive network coverage across the area of
investigation is essential to ensure accurate deformation estimates, i.e. a more redundant network
increases the reliability of the estimates and improves the detection of unwrapping errors. However,
this may be challenging to achieve depending on the study area.

Then, the temporal ambiguities can be resolved based on a parameterization within the model
given by Equation 2.2.8, in which the functional model incorporates the topographic height error,
a deformation model and the mother atmosphere. Different options for a deformation model are
available, from a linear deformation rate to a higher-order polynomial. The model can either
be assigned based on the deformation history of the area of interest, if known, or based on the
data itself using a testing scheme. The stochastic model follows from an iterative procedure and
describes the precision of the data. In DePSI three techniques are considered to solve for the
mathematical problem, i.e., integer least squares (ILS), integer bootstrapping (IB) and, finally,
the ambiguity function (AF). Another common approach involves a Bayesian estimation. The
performance of the techniques depend on factors such as the number of available interferograms,
expected deformation rates, the number of model parameters being considered and corresponding
computational demands.

To relate the unwrapped phase with respect to a single spatial reference, the spatial ambiguity
resolution step needs to be considered. The most straightforward approach involves a basic spatial
integration and is valid under the assumption that no ambiguity errors result from the temporal
ambiguity resolution. However, this assumption cannot be made and possible ambiguity errors
should be accounted for. Therefore, the spatial ambiguity resolution commonly involves a two step
procedure, as described by Ferretti et al. (2000). In DePSI, a six step procedure is considered. In
the first two steps arcs with low quality, in terms of a low temporal coherence or high variance
factor, are removed. Accordingly, the resulting PSC with less than three arcs, which is the minimum
requirement to identify errors, are also removed. A drawback is that the e.g. low coherence may
be on account of the (expected) deformation model, rather than the noise. The third step involves
the spatial reference selection. A reference PSC with minimal noise is selected. Depending on the
technique used, ILS, IB, AF, this is either based on a PSC connected to an arc with the highest
temporal coherence or the lowest variance factor. In the fourth step an iterative statistical testing
procedure is implemented, based on the principle that without errors the ambiguities of the arcs
should form a closing network and thus the residuals are zero. Hence, ideally, the errors in the
full data stack are removed until a closing network is obtained. However, to prevent weakening
the network by discarding even relatively small errors, this step is used to remove the largest
unwrapping errors and all incoherent points based on alternative stop criteria. The remaining
errors are corrected, once again using an iterative approach, in the fifth step. The correction is
applied per interferogram and the overall model test (OMT) is used to stop the procedure when a
closing network is acquired. The correction is applied to the ambiguity with the maximum residue
by means of subtracting the closest integer value of this residue or, when the closest integer of
the maximum residue becomes 0, by subtracting or adding 1. After obtaining the final network
the last step can be performed, in which the unwrapped interferometric phases with respect to a
spatial reference are computed. The parameters of interest (atmosphere, deformation and DEM)
can be re-estimated based on the unwrapped data and this process is repeated until the desired
results are acquired.
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Trend estimation

This step is optional and can be implemented to estimate and correct for the orbital phase screen
(OPS). To do so, a linear trend is estimated per interferogram, based on a least-squares estimation
and outlier detection. The unknown OPS is described by the slopes, in azimuth and range direction,
and an offset. The observation vector consists of the obtained unwrapped phase of the first-order
network per interferogram and are related to the unknowns by the line and pixel coordinates and,
following a constant offset, a column of ones. After the respective estimation is obtained for each
interferogram and corrected, the first-order network construction is repeated. However, it should be
noted that by estimation and removal of these trends, potential trends in the surface displacement
are removed as well. Therefore, this step requires careful consideration.

Atmosphere estimation

Another error signal is on account of the atmospheric signal delay. The atmospheric signal for
each interferogram is referred to here as the atmospheric phase screen (APS). Assuming that the
atmospheric signal is uncorrelated in time and by considering a full stack of interferograms, the
atmospheric signal can be distinguished from the deformation signal. More specifically, two steps
are considered to estimate the APS. The first step entails a low-pass filter, in the time domain,
to separate the atmospheric signal and noise from the unmodeled deformation using the different
correlations in time. The second step involves a Best Linear Unbiased Prediction (BLUP) to obtain
the APS, which effectively forms a low-pass filter in the space domain for noise removal.

Interferogram selection

This step is also optional and involves the selection of a subset of the available interferograms for
the deformation analysis. Specifically, while the total stack is considered for accurately estimating
the error signals, this option can be useful when the deformation only occurs within a specific time
span or when a consistent reflection is obtained only after a certain time frame, e.g. after the
construction of a civil structure.

Densification

The first-order network is upgraded by means of densification with higher-order PS, as selected
following the procedure described in the PSC selection step. These higher-order PSC are connected
to at least three neighboring first-order PS, after which the phase unwrapping is performed similarly
as before. The resulting ambiguity solution for each PSC is tested and either sustained or rejected,
depending on which of the three available strategies is considered. After the PS are detected, the
parameters of interest can be obtained.

Deformation modeling

Another optional step involves the estimation of a deformation model per interferogram, referred to
as the deformation phase screen (DPS). In case the deformation history is known for the study area,
the estimated deformation model can be removed from the phase. This could potentially enhance
the number of detected PS. After doing so, the network is reconstructed and the densification step
is once again applied.

Output generation

The output includes the georeferenced end-product. Aside from the quality of the parameters
of interest, e.g., estimated deformation time series, the quality of PSI can be defined by the
georeferencing of the final PS selection. The georeferencing accuracy is dependent on that of the
orbit and image parameters, including the estimated heights of the PS. In addition, high relief areas
subjected to layover effects can cause high absolute phase gradients. That is, the phase gradients
can yield artificial slopes in an elevation model, formed through interpolation, and with that affect
the georeferencing accuracy (Rossi and Eineder, 2015). In addition, several quality indicators are
calculated. Even after application of the testing schemes, some falsely detected PS may remain.
As described in detail by Van Leijen (2014), the quality of the estimated parameters of interest
can be assessed in terms of the ensemble coherence, variance factor, covariance matrix, standard
deviation of the displacement estimates, the ambiguity dispersion of precision and, finally, the
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spatio-temporal consistency (STC).

The deformation estimates are commonly described in terms of the ensemble coherence, also known
as the temporal coherence, and is a measure of the difference between the deformation estimates
and the estimated deformation model, mathematically defined as

y =
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LS en (G (5))
s=1

(2.2.9)

)

in which S is the number of daughter images, ggf represents the double-difference phase observa-

tions between each PS i and the reference PS and, lastly, ¢? 4 is the model phase. Often a

linear model is assumed. The difference ggf — ©0i,model gives the least-squares residuals §8f . The
value of the resulting 4 ranges between 0 — 1. By doing so, an indication of the scattering noise
level of the PS, atmospheric signal delay and the unmodeled deformation is given. A so-called local
ensemble coherence can also be determined with respect to the closest point in the network, rather
than the reference point. This is done to assess the local quality and to minimize the relative
errors in the atmospheric signal delay, which increase with increasing distance from the reference
PS. In addition, trends in the data as well as the atmospheric delay have an effect on the distance
dependency of the ensemble coherence, with respect to the reference PS. The drawback of this
parameter is that it is not susceptible to unwrapping errors, as can be observed in Figure 2.5. The
standard deviation and the STC are however.
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Figure 2.5: Deformation time series with (right figure) and without unwrapping error (left figure)
with corresponding values for quality measures. Source: Van Leijen (2014).
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3 Data & Study Area

Given the susceptibility of SAR to surface characteristics, in the Subsection 3.1, a detailed descrip-
tion of the study area is given focusing on these characteristics. In addition, the available data
over the study area is described and illustrated in the Subsection 3.2.

3.1 Area of investigation

A case study is performed on the Dutch Caribbean volcanic islands of Saba and St. Eustatius,
located at the northernmost part of the Lesser Antilles active volcanic arc and spanning an area of
13 and 21 km? respectively (De Zeeuw - van Dalfsen and Sleeman, 2018). Both islands are home to
an active stratovolcano, Mt.Scenery on Saba and The Quill on St. Eustatius, have similar climates
and are characterized by tropical rainforests and terrain variability. Therefore, in line with the
research theme, they are suitable study areas. In this section an overview of the geomorphology,
geology and other relevant features is provided. In Figure 3.1 the geology of both islands is
visualized, as obtained from the 'Geologische Dienst van Nederland’, an initiative of TNO. Roobol
and Smith (2004) provides an extensive summary regarding the geology of both Saba and St.
Eustatius.
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Figure 3.1: Geological map Saba (top map) and St. Eustatius (bottom map). Data source: TNO.

3.1.1 Saba

Saba is the northernmost island along the Lesser-Antilles active volcanic island arc and is the
surface manifestation of volcanic activity as a result of subduction. The island consists of one
main volcanic structure, known as Mount Scenery, as well as multiple Pelean domes and associated
pyroclastic deposits (Roobol and Smith, 2004). Its geological and morphological features are
shaped by its volcanic history. The population of the island of Saba has reached over 2000 people
(De Zeeuw - van Dalfsen and Sleeman, 2018). As visualized in Figure 1.1a, a total of four main
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towns exist to accommodate the residents: Zion’s Hill (also called Hell’s Gate), Windwardside,
St. Johns and, finally, the capital The Bottom (Allen, 2017). The towns are located on the more
gentle slopes that lie between the peaks of the domes.

Saba is characterized by its rugged terrain, its diverse and densely vegetated rainforests covering
the better part of Mount Scenery, and its steep slopes rising to a single peak. With 877 meters
Mount Scenery reaches not only the highest point on the island, but also in the Dutch Kingdom.
The slopes abruptly descend into the surrounding deep sea leading to a sharp land-water boundary
(Allen, 2017). The dating of the last eruption is challenged by poorly preserved pyroclastic deposits,
lacking the presence of carbonized wood. This scarcity of wood fragments can be attributed to
pyroclastic flows transporting these materials downslope, to ultimately be contained in submarine
deposits. However, hand dug pits in the Bottom uncovered the youngest pyroclastic deposit on
Saba, dating back to roughly 1640 A.D. and thereby indicating the occurrence of the last recorded
eruption (Roobol and Smith, 2004). In addition to the dominating structure of Mount Scenery
shaping the island, several hills constructed by old volcanic domes contribute to its diverse and
irregular topography, including: Old Booby Hill, Bunker Hill and Great Hill (A.L. Smith, n.d.[a]).
The slopes of these domes are steep, reaching angles exceeding 60°. Along these slopes steep-sided
features occur (J.A. de Freitas, 2016). Other characteristic features include the islands conical
shape which is elongated in the northeast-southwest orientation, hot springs and a volcanic lateral
sector collapse scar which has an elongated horseshoe shape that opens to the southwest and is
therefore referred to as the horseshoe-shaped structure. The location of the scar is depicted in
Figure 3.2b using a dashed red line. This structure is estimated to have formed roughly 100,000
years ago under the influence of rock weakening, following the formation of hydrothermal alteration
zones, and slope instability due to inflation of the flanks of Mt. Scenery. While most of the structure
has been predominantly filled by the Pelean dome growth and associated pyroclastic deposits, its
outer rim is preserved. The capital The Bottom (Figure 1.1a) is located at the lowest elevation in
the collapse scar (Roobol and Smith, 2004).

The occurrence of seismic activity, the distribution of hot springs and the orientation of the lateral
collapse structure all indicate the possibility of the existence of a potential fault zone, running in a
northeast-southwest direction perpendicular to the volcanic arc. This could explain the elongated
shape of the island orientated along the fault line. The island is primarily composed of a collection
of andesitic Pelean domes, as described before, surrounded by pyroclastic material (Roobol and
Smith, 2004). Based on the timing of the sector collapse scar, roughly two major geological
units can be distinguished both composing of volcanic debris, as visualized in Figure 3.1. First
of all, an older unit consisting of lithified rocks of mainly andesitic composition, pre-dating the
lateral collapse event. Secondly, a younger unit of unlithified to weakly lithified rocks of similar
composition, which post-date the event (A.L. Smith, n.d.[a]). The walls of the structure form
boundaries to the capital of the Bottom. Northeast of the structure older pyroclastic units exist,
the domes and lava flows are predominantly concentrated southwest of the structure (Defant et
al., 2001). In Figure 3.2a, an example of remnants of the well-preserved 1.8 km long basaltic
andesitic lava flow is visualized, located between Upper Hell’s Gate and the airport at Flat Point
(Figure 1.1a). The slopes of Mount Scenery, which range between 15° — 45° are covered with
weathered basaltic andesitic rocks. The basal unit is dominated by agglomerates and tuffs, while
the higher units primarily consist of andesites. Steep-sided valleys, also referred to as ’guts’, run
down the slopes. Two distinct types exist, i.e., V- and U-shaped guts. The V-shaped guts are
concentrated on the southern slopes and occur in the lower units. While the U-shaped guts can be
found in the western and northern regions and are not limited to the lower units (J.A. de Freitas,
2016).
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(a) Remnants of the basaltic andesitic (b) Aerial Photograph with the horseshoe-shaped structure
lava flow. indicated by the red dotted line.

Figure 3.2: Characteristic Landforms of Saba. Source Allen (2017).

3.1.2 St. Eustatius

St. Eustatius, also referred to as Statia, is a slightly larger island located 35 km south of Saba.
Statia and Saba have a similar geologic history. Both are young Pleistocene island arc volcanoes
and hence have similar volcanic features. Nonetheless, notable differences exist. Statia is older
and is characterized by a gentler topography, more erosional features, sedimentary structures and
uplift. The island is home to more than 3000 people. Contrary to Saba, as can be observed from
Figure 1.1b, Statia is dominated by two volcanic centers and only has one settlement: Oranjestad,
which also serves as the capital (Allen, 2017).

The Quill volcano is an active, but quiescent, stratovolcano located in the southern part of the
island, and marks the highest point of the island, reaching a height of about 600 meters. The last
recorded volcanic eruption likely occurred between 1755-1625 years B.P. and was the last eruption
in a sequence of five successive eruptions, as indicated by the well preserved products composing of
distinct layers (Roobol and Smith, 2004). The volcano features steep slopes covered with rain forest
(Figure 3.3a) and has a large crater at the summit, spanning 800 m in diameter (Roobol and Smith,
2004). The northwestern slope descends to a flat central plain, referred to as the Kultuurvlakte
("Culture Plain’), known for its fertile volcanic soil and urban areas. The southeastern flank drops
abruptly into the sea at the so-called Sugar Loaf-White Wall formations, running east to west and
spanning 1 km in length. Other characteristic features include the low-lying volcanic hills located
in the northern region, referred to as the Northern volcanic Centers (A.L. Smith, n.d.[b]). Similarly
to Saba, Statia is characterized by dense tropical rainforests covering the island (Allen, 2017).

Statia is situated at the north end of a shallow submarine bank, spanning a length of 80 km
(Allen, 2017). A total of three distinct geological units can be distinguished on the island of St.
Eustatius, as visualized in Figure 3.1. Two geological units composing of volcanic debris from the
Quill volcano as well as from older volcano complexes. This has resulted in the formation of two
main volcanic centers on the island: the Quill and the North-western volcanic hills. The latter is
the oldest geological unit on the island and is built up of remnants of the older volcanic complex
with varying degrees of erosion (Allen, 2017). The composition of these structures range from
ejactamenta to agglomerates, tuffs and solidified lava flows (J.A. de Freitas, 2014). The entirety
of the Quill volcano, with the exception of lava dome remnants, is composed of loose pyroclastic
material, predominently (basaltic) pyroxene-andesites. The deposits on the western flank of the
volcano are finer in texture than those on the northern, eastern and southern flanks as a result
of the north-eastern trade winds. The Kultuurvlakte is characterized by tuff layers. The Quill is
characterized by two irregularities marking its geologically diverse slope: the Round Hill and the
White Wall complex (J.A. de Freitas, 2014). The latter constitutes the third geological unit found
on the southern side of the island and consists of shallow marine volcanic sedimentary deposits,
also referred to as the White Wall formation and Sugar loaf ridge (Figure 3.3b). The strata also
compose of fragments of volcanic rock, hinting at initial submarine volcanism. These formations
were subsequently uplifted and tilted, possibly as a result of volcanic dome growth (Allen, 2017).
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The Round Hill is a semi-spherical cone which is composed of tuffs and volcanic debris, concealing
the rocks beneath (J.A. de Freitas, 2014). Aside from the distinct rock types, these different units
also differ in soil and vegetation type.

(a) The Quill volcano and White wall formation. (b) Sugar Loaf.

Figure 3.3: Characteristic Landforms of St. Eustatius. Source: Allen (2017).
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3.2 Data description

Data from a variety of satellite missions are available providing multi-frequency SAR data, i.e., from
PAZ (X-band), Sentinel-1 (C-band) and ALOS-2 (L-band). Given the limited temporal resolution
of the ALOS-2 L-band accommodating satellite, Argentina’s polarimetric L-band SAR SAOCOM
satellite series is also considered. In addition, the NISAR mission is planned to launch in 2024,
providing more frequent L-band data. Moreover, for validation purposes and to have an idea of
the current deformation that can be expected, GNSS data is used. Some useful parameters for the
different missions are included in Table 3.1.

Revisit Incidence Swath Spatial

Sa?el.hte Band Launch time angle Width Resolution
Mission date
[days] [degrees] [km)] [m)]
. 1A 2014
Sentinel-1 C 1B 2016 6 20-45 250 5x 20
ALOS-2 L 2014 14 8-70 70/40 10
1A 2018
SAOCOM L 1B 2020 16 21-50 49.1 L1A:10x 5
NISAR L 2024 12 34-48 > 240 3-10

Table 3.1: Overview of different SAR satellite missions.

3.2.1 Sentinel-1

The Sentinel-1 mission is a collaborative effort between ESA and EC as part of the Copernicus
program (ESA, n.d.[a]). It comprises a constellation of two satellites orbiting 180 degrees apart,
Sentinel-1A and Sentinel-1B, enabling a shorter revisit time (Table 3.1) upon the launch of the
second satellite in April 2016. The main objective of the mission is continuous radar mapping, e.g.
land monitoring. The short repeat cycle allows for improved disaster monitoring and is also the
main advantage of the Sentinel-1 data in comparison to the other data considered. It facilitates
C-band imaging and, in addition to the short repeat cycle, provides wide area monitoring covering
distances of up to 400 km, with resolutions as fine as 5 m depending on the four imaging modes
available. The imaging modes include: Interferometric Wide swath (IW), Extra Wide swath (EW),
Wave Mode (WM) (ESA, n.d.[b]). The acquired data-set over the area of investigation is in the IW
acquisition mode, which is the default mode over land and coastal areas. However, as a result of an
anomaly related to the electronics power supply, the mission Sentinel-1B has been discontinued in
December 2021. Sentinel-1C and Sentinel-1D were to replace the satellites once their operational
lifespan has come to an end. Following the anomaly, efforts are being made to launch Sentinel-1C
as soon as possible. Specifically, the launch is expected to occur by the end of 2023 (ESA, n.d.[c]).

Data is available from both ascending and descending tracks. Both are considered on account of
the terrain variability of the islands, introducing layover and shadowing effects. This results in
inaccurate representation or even data gaps in certain parts of the islands. The ascending track
is denoted by track 164, while the descending track is referred to as track 127. A more detailed
description for both tracks is provided.

Descending track: t127

For the descending track a total of 120 SLC co-registered images are available for Saba for a
timespan from October 26 2014 to May 3 2020, while there are merely 116 images for St. Eustatius.
This difference in images can be explained due to data gaps of over three months between July 25
2018 and November 10 2018, a bit less than a month between July 20 2019 and August 13 2019 and
almost two months between April 27 2019 and June 26 2019 in the St. Eustatius dataset. These
gaps stem from variations in swath coverage (Korevaar, 2020), consequently four images covering
St. Eustatius were too close to the edge of the swath and therefore discarded. The available
interferograms had already been combined into a single-mother configuration, with respect to one
single mother image: April 3 2019. The distribution of the data in time (temporal baseline) with
respect to the corresponding perpendicular baseline is visualized for St. Eustatius and Saba in
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Figure 3.4b and Figure 3.4d respectively.
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(a) Mean reflection map St. Eustatius. (b) Baseline plot St. Eustatius.
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Figure 3.4: The mean reflection map of the (multilooked) Sentinel-1 track 127 data sets (left) and
the single-mother baseline plot (right) to show the data distribution in time with respect to the
perpendicular baseline.

Ascending track: t164

The ascending track composes of a total of 123 coregistered images for both Saba and St. Eustatius,
for a timespan from December 3 2014 to May 17 2020. The data has been exclusively collected
by Sentinel-1A, as Sentinel-1B did not capture data for the area of investigation. As a result the
images have a temporal baseline of twelve days, rather than six days. Saba and St. Eustatius
are located in different swaths and bursts and have different incidence angles. In Figure 3.5a and
Figure 3.5¢, the mean reflection maps of both islands are visualized. Figure 3.5b and Figure 3.5d
show baseline plots to give an indication about the distribution of the data.
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Figure 3.5: The mean reflection map of the (multilooked) Sentinel-1 track 164 data sets (left) and
the single-mother baseline plot (right) to show the data distribution in time with respect to the
perpendicular baseline.

3.2.2 ALOS-2

Launched in 2014, ALOS-2 is a Japanese satellite developed by JAXA and a continuation of the
ALOS (or "Daichi’) mission. The mission has numerous goals similar to those of ALOS, including:
disaster monitoring, global monitoring of environmental changes and resource surveying (ESA,
2012). The satellite observes with L-band SAR imaging (PALSAR-2). The observations obtained
with L-band can be especially effective for monitoring in highly vegetated areas on account of
the wavelength penetration, which limits the decorrelation phenomena. There are three distinct
imaging modes with different swath widths and resolutions, namely: Stripmap, ScanSAR and
Spotlight. Stripmap and ScanSAR are each comprised of several submodes, Stripmap having
three and ScanSAR having two submodes. The different modes and the corresponding swaths and
resolutions are visualized in Table 3.2 (Motohka et al., 2017).

In this case, data is available from two ascending tracks. The first track is denoted by path 37 and
contains data for both island, while the other track is denoted by path 36 and is only available for
St. Eustatius. A resolution of 100 m is too coarse, considering that the area of the islands span
only a few kilometres, which limits the available data that could be used. For both tracks a more
detailed description is provided.
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Swath width Resolution Incidence angle
Mode
[km] [m] [degree]
Spotlight SB 25 3 8-70
UB 50 3 8-70
Stripmap HB 50 / 40 6 8-70 / 20-40
FB 70 / 30 10 8-70 / 23
WB 350 100 8-70
ScanSAR |y 490 60 8-70

Ascending track: p37

The ascending track consists of 10 images for a timespan from January 26 2015 to December
23 2019. Both islands are covered in the image. In contrast to Sentinel-1, the acquisition dates
are at irregular time instances, as can be observed from the distribution of SAR images in the
baseline plot in Figure 3.6b and Figure 3.6d. In addition, the mean reflection maps are visualized
in Figure 3.6a and Figure 3.6¢c. The incidence angle differ slightly for the islands, i.e., 42° for St.
Eustatius and 40.5° for Saba. The observation mode for the available data is Stripmap FB, with

a resolution of 10 m.
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Table 3.2: ALOS-2 Imaging Modes.
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Figure 3.6: The mean reflection map of the (multilooked) ALOS-2 path 37 data sets (left) and
the single-mother baseline plot (right) to show the data distribution in time with respect to the

perpendicular baseline.
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However, the images do not cover the complete area of investigation, namely only St. FEustatius.
Similarly to before, the acquisition times are irregular as shown in Figure 3.7b. The mean reflection
map for this path is presented in Figure 3.7a. The observation mode for this track is also Stripmap
FB, with a resolution of 10 m and an incidence angle of 29.5°.
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Figure 3.7: The mean reflection map of the (multilooked) ALOS-2 St. Eustatius path 36 data set
(left) and the single-mother baseline plot (right) to show the data distribution in time with respect
to the perpendicular baseline.

3.2.3 NISAR

The upcoming NISAR mission, expected to launch in 2024 (NASA, 2022), is a joint initiative
between NASA and ISRO comprising the first Earth observation satellite with dual-frequency SAR.
Specifically, it carries both the S-band and L-band microwave bandwidth regions (Kellogg et al.,
2020). The satellite follows exact repeating orbits every twelve days, providing continuous L-band
data for an estimated mission duration of at least three years (NASA, 2022). The revisit time allows
for minimizing the temporal decorrelation. In addition, (simultaneous) wide-swath data acquisition
with an imaging swath of over 240 km is enabled allowing for global coverage. The mission
objectives are plenty, providing measurements in fields including the solid Earth, ecosystems and
cryospheric sciences. Regarding the solid Earth, NISAR will enable deformation measurement over
the Earth’s volcanoes with a fine resolution of 3-10 m, depending on the acquisition mode (Kellogg
et al., 2020). The enabled global coverage and short time frames will allow for improved disaster
monitoring and damage assessment.

3.2.4 SAOCOM

The SAOCOM mission composes a series of two satellites from Argentina, SAOCOM-1A and
SAOCOM-1B, managed by CONAE. It accommodates L-band SAR imaging with a revisit time of
twelve days with one satellite, or even eight with the constellation of the two satellites. The main
objective is hazard monitoring and effective Earth observation for different fields of study (ESA,
n.d.[d]). There are three imaging modes, i.e., Stripmap, Topsar Narrow and Topsar Wide, each
with distinct polarization capabilities including two single, two dual, one full and one compact
polarization (SAOCOM project, 2020). The available data comprises nine images acquired over a
timespan encompassing both 2021 and 2022. Compared to ALOS-2, the images are significantly
closer in time, which is expected to limit the temporal decorrelation. The data is obtained using
acquisition mode S6, which is the Stripmap imaging mode with dual polarization mode (SAOCOM
project, 2020). In addition, all the data is obtained through SAOCOM-1A. This data-set serves
as an effective test case for the upcoming NISAR mission, considering that the available ALOS-2
data covers a broader time range with limited images and therefore larger temporal baselines.
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However, the SAOCOM data still needs some processing steps, including coregistration and removal
of the flat earth phase as well as the topographic phase. An example of an image recorded by
SAOCOM-1A can be found in Figure 3.8.

Figure 3.8: Image recorded by SAOCOM-1A encompassing both Saba and St. Eustatius.

3.2.5 GNSS

In addition to SAR data, GNSS data is considered. Comparison of the obtained results with
ground truth data is of crucial importance for validation purposes. To this end, the GNSS stations,
operated by KNMI and KNMI/kadaster, are utilized. Both islands accommodate four permanent
and continuously recording GNSS sensors, as visualized in Figure 3.9a and Figure 3.9b, indicated
by the green and blue triangles. The GNSS stations were set up at various points in time and
therefore not all sites have been operational throughout the time frame considered for InSAR. The
first installation occurred in early 2018 and the final in early to mid-2022, for both Saba and St.
Eustatius.

The data can be accessed either through Earthscope (UNAVCO) or Nevada Geodetic Laboratory
(NGL). The latter is considered and provides processed time series data in ascii text in a so-called
tenv3 format. The processing has been performed and described by Blewitt et al. (2018). NGL
extracts raw GPS data from over 17000 stations worldwide and produces numerous data products,
including position coordinates (latitude, longitude and height) with different data intervals, refer-
ence frames and latencies. The latency refers to the lag time between data acquisition and data
availability (Blewitt et al., 2018). The GPS data considered is the 24 Hour Final Solutions. The
geodetic coordinate reference system used is IGS14, which is in units of meters. The variables of
interest include the north, east and up components, given in m.
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Figure 3.9: Ground-based Monitoring Network on Saba and St. Eustatius: GNSS station = green
triangle, seismometer = red triangle, GNSS station + seismometer = blue triangle.
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4 Methodology

In this chapter, an overview of the approaches for processing InSAR data is provided. Specifically,
the steps required to answer the research question and sub-questions. The chapter is divided into
two sections, the first section focuses on the development of SBAS software (Section 4.1), while the
second section discusses the PSI method (Section 4.2). Software is available at TUD for the PSI
method: the DePSI algorithm. In contrast, for the SBAS method software needs to be developed.
The implementation is done using Python.

4.1 SBAS Software Development

In this section, the general workflow of the implemented SBAS method is described in terms of
the processing chain, i.e., the technical considerations, as well as a step-by-step procedure of the
theoretical considerations. Finally, some of the technical challenges faced during the development
stage are highlighted.

4.1.1 Automatized processing chain

To realize an automatized volcanic monitoring system based on InSAR, several factors are of
importance. First, to manage the extensive amount of data, efficient storage approaches are crucial.
Packages in Python such as XARRAY, DASK and ZARR enable efficiency as well as the storage
of (labeled) heterogeneous data in multi-dimensional Numpy arrays (Hoyer and Hamman, 2017).
Another package which offers an extension of XARRAY / DASK to obtain an (In)SAR datamodel is in
development, the so-called SARXARRAY package (sarzarray 2023). More specifically, a coregistered
SLC stack saved in binary format can be loaded into an XARRAY.DATASET object, after which basic
operations can be applied similar to ordinary dataset objects. This package is considered at the
base of this research. Second, the processing chain relies on efficient workflows. That is, rather than
using iterative methods, where possible the required computations are performed simultaneously
for all pixels and/or time dimensions. In addition, the use of dictionaries, i.e., key-value data
structures, is exploited to keep track of e.g. selected data pair combinations in an efficient way.

The processing chain of the SBAS method is automatized in accordance with the DORIS output.
The DORIS software (B. Kampes et al., 2003) is used to generate interferometric products in-
cluding the radar-coded DEM, coherence maps and interferograms from SLC data. In addition,
the products are georeferenced, i.e., the latitude, longitude and height coordinates are available
for each pixel. The overall work flow of the InSAR processing done using DORIS is visualized in
Figure 4.1.

I |} n v

RAW DATA COREGISTRATION + INTERFEROMETRIC PRODUCT (END) PRODUCT
PROCESSING PHASE TION GENERATION

Figure 4.1: DORIS workflow of InSAR processing (B. Kampes et al., 2003).
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From previous work (Korevaar, 2020), coregistered interferograms in the single-mother configura-
tion are made available using DORIS, including flat-earth as well as topographic phase removal.
The available Sentinel-1 data has been processed using DORIS version 5, whereas ALOS-2 is pro-
cessed using DORIS version 4 and, therefore, require a somewhat different approach to load the
data. These interferograms are the starting point for the SBAS processing chain. The required
information to load in the data can be extracted from the DORIS metadata to obtain information
regarding the output format (e.g. shape, data type) of the data-set as well as the perpendicular
and temporal baselines. The processing flow can be defined by means of nine main functions, as
outlined below.

—_

Loading the input data into an xarray.Dataset
Interferometric Pair Selection

Interferogram + Coherence Generation
Multilooking

Masking

Phase Unwrapping

Linear Inversion

Correction Unwrapping Errors

© ® N o o W N

Output Generation

These main functions rely on several sub-functions and allow for a variety of user-defined parame-
ters that can be set, e.g. based on the satellite data considered. In addition, desired thresholds for
the pair selection and masking procedures can be defined. The 'Masking’ step entails both water
masking and land masking, where land masking is divided into two different masking approaches.
Similarly, in the ’Correction Unwrapping Errors’ step two different approaches are available. An-
other crucial factor to consider is how to present the end results to the user in a useful and efficient
way. To do so, the results can be exported as GeoTIFFs to allow for analysis in GIS software and
comparison with other maps, such as topographic maps to clarify and be able to understand and
assess differences in results from the different data and methods. A schematic of the implemented
processing chain is visualized in Figure 4.2. The processing chain for ALOS-2 can be ran locally
due to the limited amount of data available. Considering the significantly large amount of data
from Sentinel-1, an HPC environment is used to run the full data-set. Specifically, a so-called Dask
SLURMCluster is set up to enable parallel processing.

1
Load
(Coregistered)
Interferograms
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Interferogram
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Multilooking
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7 6

Linear Inversion
(LS or SVD)

Phase Unwrapping

Figure 4.2: SBAS processing flowchart. The steps in which new approaches are explored to enhance
the method, are emphasized using a darker shade.

32



4.1.2 Step-by-step procedure

Step 1: Loading the input into a xarray.Dataset

The algorithm is initialized according to the DORIS output files. Specifically, after setting the
path to the ’cint.srd’ files, which consist of the single-mother interferograms after the flat earth
and topographic phase removal, a list of these respective paths is generated and sorted in ascending
order based on the acquisition timestamps. To load the interferogram stack into a xarray.Dataset,
using the SARXARRAY package, the metadata contained within the ’ifgs.res’ is read to extract the
appropriate shape corresponding to the specific data set. Furthermore, the data type should be
specified. User-defined chunk sizes can be set to facilitate reading and processing the data in chunks,
enhancing memory efficiency and processing time. Moreover, DORIS provides the corresponding
latitude and longitude coordinates, i.e., lam.raw’ and ’phi.raw’ files, which are assigned to the
resulting xarray.Dataset.

Step 2: Interferometric Pair Selection

An important step in the SBAS development involves the selection of interferometric data pairs
to minimize the spatial and temporal decorrelation phenomena. Therefore, subsets with small
spatio-temporal baselines are considered. The coherence serves as a measure of the quality of an
interferogram. Specifically, any changes in the radar reflectivity of a scene, which is manifested as
decorrelation in the phase difference of two images, will have an effect on the resulting coherence.
Hence, a selection process based on the coherence is implemented. The selection can be carried
out in numerous ways, three approaches are explored here (Table 4.1).

Approach 1 | Average coherence over land
Approach 2 | Average coherence over volcanic region
Approach 3 | Modeled coherence

Table 4.1: Approaches considered for the pair selection.

The first approach involves a selection based on the average coherence over land. To do so, the
coherence map is generated for either all (unique) interferogram combinations, for example in the
case of ALOS-2, or for a subset, when dealing with a bigger stack like Sentinel-1. The selection of
this subset could be done based on a certain criterion, e.g. the maximum spatio-temporal baselines.
Furthermore, a mask is generated to separate the land from the water, as explained in detail in
the 'Masking’ step. Considering that the coherence differs across the islands, i.e., some parts are
characterized by vegetation but also several by open field, the obtained coherence may not be
representative of the region around the volcano. Therefore, in the second method, a region around
the volcano is considered. Based on a user-defined threshold of the desired minimum coherence,
data pairs can be selected. A drawback of both approaches is that they can be computationally
expensive, since the coherence for a significant number of interferograms has to be determined,
especially for Sentinel-1 data which has a revisit time of twelve days. This calls for an alternative
approach.

The third and final approach considers a predicted coherence value, modeled using the temporal
and perpendicular baselines. For this approach a tool is written based on the available metadata
from the DORIS software, which holds information regarding the baselines. Considering that
the particular output is according to the single-mother configuration, the perpendicular baselines
need to be determined in accordance with the short-baseline configuration in a similar way to the
interferogram generation of all unique combinations. This theoretical coherence is based on the
fact that the coherence between two images is mainly affected by the temporal baseline as well as
the perpendicular (spatial) baseline and can, therefore, be predicted using these parameters. A
linear coherence behavior is assumed. It is also known as the integrated correlation coefficient ™
(Van Leijen, 2014; B. M. Kampes, 2006; Tao et al., 2020) and is defined by:

7" =g (BT Blou) 9 (BE, Bro.) » (4.1.1)
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where
g (B, Biax) = max(1 — |B|/Bmax, 0). (4.1.2)

Then, similarly to the first and second approach, a selection can be made based on a set threshold
for a desired minimum coherence. Fine tuning of the B, . and Bp_,  parameters is performed
by comparing with the pair selection result based on the actual coherence values. This calibration
procedure of the third approach is performed once for the different satellites. The approaches
are explored by considering ALOS-2 as well as a subset of the available Sentinel-1 SLC’s, due to
the significant difference in data availability. Specifically, a subset that comprises 10 SLC’s and
features a data gap is considered. The selected settings, threshold and the resulting number of
data pairs selected are represented in Table 4.2. It should be noted that the total amount of unique
combinations, for a subset consisting of 10 SLC’s, equals 45.

Brmax  Bimax Threshold Selected pairs  Selected pairs  Selected pairs

[days] [m] [-] Approach 1 [-] Approach 2 [-]  Approach 3 [-]
Sentinel-1 72 7100 0.3 17 9 20
ALOS-2 1152 14500 0.3 45 31 29

Table 4.2: Pair selection settings and result. The total number of pairs equals 45. Approach 3 is
calibrated using Approach 1 for Sentinel-1 and Approach 2 for ALOS-2.

The resulting baseline plots for the different approaches are presented in Figure 4.3, Figure 4.4
and Figure 4.5 for both Sentinel-1 and ALOS-2. Considering Sentinel-1 first, it can be observed
in Figure 4.3a, Figure 4.5a and Table 4.2 that the selected pairs resulting from the first and
third approach merely differ by three pairs. Of the resulting 17 only one pair differs, the rest of
the selection is identical. Due to the similar results, the parameters considered for the modeled
coherence are deemed to be properly tuned and can, therefore, be used rather than the actual
coherence. In addition, as the most recent image of the data stack is not part of a cluster when
following the first approach (Figure 4.3a), the third approach might be more suitable. Finally,
when considering the second approach, significant data gaps occur as shown in Figure 4.4a which
is undesirable. It is important to highlight that even in the third approach, two distinct clusters
are formed. As explained in Section 2.2.1, this is not uncommon for SBAS. The SVD method can
be applied in this case, such that the independent subsets can be effectively combined in the linear
inversion step. In contrast, the results following the different approaches vary significantly for
ALOS-2. Following the first approach, all unique combinations are selected. This can be explained
by the relatively high coherence achieved with L-band imaging. In the second approach 31 pairs
are selected. Considering the revisit time of ALOS-2 (less images in total), the first and second
approach may be feasible as computational expense is not a limiting factor. The second approach
may, however, be more optimal considering that most interferograms are still considered based on
the coherence around the volcano itself. Also considering the fact that L-band is expected to result
in more reliable interferograms, on account of the coherence. However, in light of the anticipated
increase in L-band data availability, the third approach may be the more favorable option. The
fine tuning of the parameters is done based on the results following the second approach. This
leads to 29 identical pairs in the third approach.

Depending on the revisit time of the satellite, one approach may thus be more feasible than another.
The modeled coherence could be a suitable measure to base the selection algorithm on as it avoids
having to calculate the coherence for all combinations. Since SAOCOM has a revisit time of 16
days and NISAR will have a revisit time twelve days, a modeled coherence will likely be more
feasible in these cases.
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Figure 4.3: Baseline plot for Approach 1. The red triangle represents the original mother SLC.
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Figure 4.4: Baseline plot for Approach 2. The red triangle represents the original mother SLC.
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Figure 4.5: Baseline plot for Approach 3. The red triangle represents the original mother SLC.

Step 3: Interferogram and coherence Generation

An important step towards implementation of SBAS involves considering the available coregistered
interferograms, resulting from the DORIS software, to generate a new set of unique interferogram
combinations. Specifically, by combining the single-mother interferograms in such a way that a
short-baseline configuration is obtained. As illustrated in Figure 4.6, the PSI and SBAS baseline
configurations differ significantly. The short-baseline configuration can be achieved by considering
that an interferogram can be obtained by means of the complex conjugated multiplication of
coregistered SLC images. In a similar way two interferograms can be combined to obtain a new
one, however one needs to account for the original mother image. i.e., let Py; and Py be the
available complex phasors and P;o the desired combination, the following procedure is followed
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P = Aexp (i),
Por = Py - P{' = Ag Ay exp (i(vo — 1)),
Pya = Py - Py = Ag Az exp (i(vo — 12)),
Piy = Py - Pyy = AoA1 Ao Az exp (i((vo — ¥1) — (Yo — ¥2))).

(4.1.3)

Since 1)y cancels in the last expression, the only thing left to do is account for the A2 in the
expression for Pjo. This leads to

Py = Py - Py = AgA1 AgAz exp (i(vh2 — 1)) /A2

= A1A2 exp (Z(¢2 — ¢1)) (414)
Hence, apart from the single-mother stack, the amplitude of the mother image is needed. Accord-
ingly, the coherence for each of these combinations needs to be determined. The pixels require
some kind of multilooking to obtain an estimation of the expectation. Considering that the islands
are relatively small, a moving average filter is deemed feasible. A moving average would be desir-
able as the original resolution of the interferogram is maintained. Because of the moving window,
the estimates will be strongly correlated. Then, with the following equation the coherence can be
determined:

s
N n
\/Zn—l )Pl( )

In this equation, the amplitude of the interferogram is divided by the square-root of the squared
(original) amplitudes of the corresponding SLC’s, after averaging over a window of N pixels. This
procedure is repeated for the different time dimensions (interferometric data pairs) n.
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Figure 4.6: An example of a baseline plot for the a) PSI (single-mother) and b) SBAS (short-
baseline) approach. Source: Li et al. (2022).

Step 4: Multilooking

Multilooking simply refers to the (complex) averaging of adjacent cells over some window, to
improve phase statistics and limit the computation time, as described in more detail in 2.2.1. To
achieve this, non-overlapping patches are generated and averaged. This is applied to both the
interferograms and the corresponding coherence. It is worth emphasizing that the moving average
approach, employed for the coherence estimation, is based on the same window size, i.e., the
windows are correlated. It is expected that the multilooking procedure has a minimal impact on
the correlation of the coherence estimates. In the case of the interferograms, the imaginary part and
real part are averaged separately, after which both are combined again. The window size is chosen
such that roughly a square window in the slant range and azimuth direction is achieved. This can
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be done by considering the azimuth and (ground) range spacing. Consequently, for Sentinel-1 a
3:11 window, based on a pixel spacing of 3.8 (range) x 13.9 m (azimuth), is considered and for
ALOS-2 both a 12:7 window and 24:14 window are compared, based on a pixel spacing of 9.1
(range) x 5.3 m (azimuth) for the Stripmap FB mode.

Step 5: Masking

Before the phase unwrapping step it is important to mask incoherent regions, like the area covered
by water, to limit the computation time but also to avoid unwrapping mistakes and with that
facilitate data interpretation. A total of three different approaches are considered to do so, as
summarized in Table 4.3 below.

Approach 1 | Single Mask preserving all land pixels (water mask)
Approach 2 | Single Mask based on mean coherence
Approach 3 | Individual Masks for every data pair

Table 4.3: Masking approaches considered. The first is used to mask out the water, the second
and third are different approaches to also mask land pixels.

The first approach involves masking out the water, while preserving the pixels that are part of
the land. An initial idea was to generate the mask based on the DEM due to the sharp water-
land transition. However, for St. Eustatius this transition is not distinguishable everywhere. The
boundary is more distinctive for Saba, owing to the steeper slopes, however still does not provide
complete coverage. A mask based on the mean reflection did seem to show complete coverage
for Saba, but only for ALOS-2. Therefore, an alternative strategy is required for the other data
sets. In the alternative procedure, an edge detection algorithm is implemented on an image with
high coherence. Since the surface of water bodies changes instantly, complete decorrelation occurs.
Hence, a mask based on the coherence shows promise. However, this leads to some isolated pixels
and clusters in the water (first column in Figure 4.7a for St. Eustatius and Figure 4.7b for Saba).
These are filtered out by setting a condition on the maximum number of neighbors for a pixel to be
classified as isolated. In addition, the clusters are identified and removed based on a threshold of
maximum connected components. The results of each of these steps are visualized in Figure 4.7a
for St. Eustatius using Sentinel-1 data. Similarly, the results for Saba are visualized for Sentinel-
1 in Figure 4.7b. However, with this approach all land pixels will be considered, even those
with low coherence. Hence another mask for land pixels is desired, where the mask from the first
approach, based on either a mean reflection or coherence-based mask, is used as a base to mask the
water. Specifically, regions of low coherence are also unwrapped which could lead to unwrapping
errors. This would affect the accuracy of the deformation estimates. Therefore, a mask based
on a coherence threshold is desired to filter out these unreliable regions. In the second approach
this is accomplished by generating a mask based on the mean coherence, taken over the different
time dimensions. To do this, a threshold of minimum coherence is set to 0.3, which has shown to
achieve a reasonable balance between removing noise and preserving useful information and spatial
coverage (Reinosch et al., 2020). Furthermore, the study by Xue Chen et al. (2020) discusses a
comparative analysis of landslides, highlighted in Section 1.2, in which a coherence threshold of 0.3
yielded useful and consistent results. A drawback of this approach is that as a single mask is used
for all the time dimensions, some pixels will never be considered. That is, even if some pixels have
a higher coherence but the mean value does not, these pixels will also be discarded. In addition,
in the same way, pixels that might be unreliable, e.g. low coherence, for certain time dimensions
will be included.

An alternative is to generate individual masks for each interferogram based on the same coherence
threshold, as employed in Approach 3. This would be desirable as, in this case, only the observations
that are deemed reliable, in terms of meeting the coherence threshold criteria, are taken into
consideration for each of the different interferograms. In other words, this approach allows for the
use of temporary scatterers. However, this also means that in some cases there will be a solution
for a certain pixel, while in other cases not. Hence, for each pixel the observation vector will be
different and as a result so will the design matrix used for the inversion. The linear inversion
process will, therefore, be based on a different number of observations for each pixel, which could
be a problem if the estimation is only based on a single observation for instance. This complicates

37



the linear inversion process. By setting a threshold based on the minimum number of observations
for each pixel, this can be done. Each of the described masking approaches are considered such
that the results can be compared.
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Figure 4.7: The coherence-based mask is generated with an edge detection algorithm (left). Re-
sulting isolated pixels (middle) and clusters (right) can be removed based on maximum neighbor
and connected components criteria, respectively.

In addition to a coherence-based mask, to account for unreliable regions based on decorrelation
phenomena, there are still other potentially problematic regions that need to be identified before
data interpretation. For example, a layover-shadow mask to account for the geometric distortion
effects in elevated terrain is desired. To achieve such a mask, satellite orbit information, including
the different incidence angles, and the DEM are required. In Van Natijne et al. (2022), a tool is
developed in Google Earth Engine (GEE) for a world-wide InSAR sensitivity index. The sensi-
tivity index is a geometric property and can be defined as a scale factor relating the downslope
deformation to the change in the LOS range, observed through InSAR. Mathematically, it can
be defined as the orthogonal projection of downslope deformation direction on the LOS of the
radar. The shadow and layover effects are estimated using an algorithm based on the DEM and
satellite orbits (Van Natijne et al., 2022). A low sensitivity index implies that the radar might
have reduced effectiveness in detecting downslope deformation, potentially leading to unreliable
deformation estimates. The tool relies on the exact Sentinel-1 orbital data, encompassing both
the ascending (t164) and descending (t127) satellite tracks. Figure 4.8 illustrates the sensitivity
index for variable terrain for the different Sentinel-1 tracks of Saba and St. Eustatius. It should
be noted that flat terrain is denoted as no data. While this approach is directly applicable to the
Sentinel-1 data, in the case of ALOS-2 data it offers insights into these effects. To improve the
data interpretation of the results it is useful to consider these values.
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Sensitivity index [-]

Figure 4.8: Sentinel-1 Sensitivity index for both the ascending (t164) and descending (t127) track.
A low sensitivity index can indicate limited radar effectiveness in detecting downslope deformation.

Flat terrain, e.g., the Kultuurvlake on St.Eustatius, is marked as no data. Source: Van Natijne
et al. (2022).

Step 6: Phase Unwrapping

Thus far the phase information considered represents the wrapped phase. The interferometric phase
is ambiguous and is constrained to the [—m, +) interval. However, to be able to translate phase
values to topographic height values from an interferogram and produce deformation estimates, the
unwrapped phase is required. Phase unwrapping is one of the most complicated steps in the data
processing chain, yet a crucial part. The publicly available two-dimensional phase unwrapping
algorithm SNAPHU will be used for this purpose. The SNAPHU technique as proposed by Chen
and Zebker (2001), solves for phase unwrapping in a probabilistic framework, formulating it as
a maximum a posteriori (MAP) problem. That is, the most likely unwrapped solution is found
by maximizing the conditional probability of the phase-unwrapped solution using cost functions,
given the observable input data. This input data refers to multiple data-sets, such as the wrapped
interferometric phase, image intensity and the coherence.

Several user-defined settings exist within SNAPHU, allowing for improving the quality of the
results. The minimum requirements include the wrapped phase input file as well as its line length.
As SNAPHU unwraps everything, even when the coherence equals 0, a mask is required to avoid
unwrapping errors as well as unnecessary computing. As described in the DORIS manual, the
created masks can be used as weights to set the complex interferogram values to 0. These regions
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equal to 0 will still be unwrapped, however, the reliable areas will not be affected. As a result,
aside from limiting the unwrapping issues, the process is also more efficient. Python is used as an
interface to call SNAPHU, by running a command line through the os module.

Some of the user-defined parameters are set through the configuration file, including the path to
input data: the coherence and wrapped phase. In addition, various statistical models exist relating
the input data to the unwrapped phase solution, as this is dependent on the measured quantity.
i.e., SNAPHU enables a selection of three built-in models for topography data, deformation data
and, finally, smooth generic data. The model for deformation data can be set by enabling the
'DEFO’ option in the configuration file.

The unwrapping procedure is repeated for all masking approaches described in the previous step.
The quality of the unwrapped results can be validated by following and comparing the order of
the changing colors across the different masking results. In addition, the occurrence of fringes in
the wrapped phase can give an indication of the range of unwrapping values that can be expected.
Overall the unwrapped phase results seemed to be consistent for the water masked and single
masked results. In contrast, when using the individual masking approach some unwrapping issues
are encountered. These issues are likely due to the location of the masked points. As a consequence,
the connection between points is limited resulting in a badly resolved unwrapped phase. Therefore
an alternative unwrapping approach is required for the individual masking. That is, after masking
and before unwrapping the resulting gaps are filled using nearest-neighbor interpolation. This result
is then unwrapped, after which the masks can be applied again, leading to consistent results.

To identify unwrapping issues, difference maps can be generated between the unwrapping results
following the different masking approaches. In theory, if the unwrapping process was successful, the
unwrapped results are expected to be around the same, thus resulting in 0, or at least a constant
offset. If this is not the case unwrapping errors can be identified, for instance when only part of the
island shows a constant offset. This can be useful to explain erroneous patterns in the unwrapping
results. It is important to emphasize that this procedure is effective only if the error is not present
in all the masking approaches.

Step 7: Linear Inversion

Now that the unwrapped phase values are estimated, the unknown SAR mother and daughter
image phase values can be solved for, i.e. the cumulative deformation phase values. This can be
done using a linear inversion technique, which involves generating a design matrix relating the
interferometric phase values and solving a system of linear equations to estimate the unknown
parameters. It should however be noted that the unwrapped phase values are a combination of
contributions from different sources, such as atmospheric signal, while the goal is to identify the
deformation signal. An approach similar to the one followed in (Tao et al., 2020) is considered.
Ignoring possible atmospheric and topographic artifacts, the deformation phase, denoted d¢;(r, x),
for a pixel located at (r,z) for an unwrapped differential interferogram can be expressed as

0i(r,x) = ¢ (tp,r,7) — 6 (ta,r,a) = =~ [d(tp,r,7) — d(ta,r, )], (4.1.6)

where d(ta,r,x) and d(tg,r, x) represent the LOS cumulative deformations at different times ¢4
and tp with (t4 < tp) with respect to the ¢ty epoch which is assumed as reference to avoid rank
deficiency and to obtain absolute values rather than differences. For now, the difference in phase is
considered, after the inversion the phase is converted to the displacement. Then the unknowns are
a vector of size Nx1 of the LOS cumulative phase values ¢7 = [¢(t1), ..., #(tn)], which in simple
terms are the SAR image phases, with respect to ty. For each of these images the sum of a total
of three phase terms is estimated (Monserrat et al., 2009), represented as

(bi = (bdefo + ¢atm0 + ¢orb~ (417)

The observation vector of size Mx1 composes of the phase values d¢7 = [0y, ..., d¢pns] resulting
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from the unwrapped interferograms. The design matrix is of size Mx/V, missing one column with
respect to g, and relates the different phase combinations. Hence, it consists of 0,1 and -1.

In accordance, a linear system of M equations in N unknowns for each pixel at location (r,z) can
be derived and reorganized in matrix form

5 = Ad. (4.1.8)

The design matrix A is dependent on the set of M differential (unwrapped) interferograms and is
generated based on the resulting pair selection. For example, if the first row represents the case
where d¢g = @(t1) — ¢(to) and the second row the case where d¢po = ¢(t2) — ¢(t1), this results in

ol IS (419

Given the fact that InSAR is a relative technique, to measure relative displacement a spatial
reference point, in addition to a reference epoch in time (ty), is required. This reference point is
typically arbitrary, but to improve data interpretation this point should ideally be a stable, i.e.
non-deforming, location, as the displacement of a point is dependent on its value. However, in
practice, this is often uncertain, making the selection of a reference pixel a challenging task. If
any noise is present in the reference pixel, this will translate to all other pixels. Phase stability
can be related to a high coherence as this indicates low phase variance. Therefore pixels with high
coherence are considered to be good options. However, this does not give any indication regarding
the height or deformation. Since the region around the airport, both for Saba and St. Eustatius,
is assumed to experience no deformation based on the GNSS station, a coherent reference pixel is
chosen near this location.

The system of equations can then be solved using least squares

¢ =(ATA)" AT 5. (4.1.10)

Depending on the small-baseline subset resulting from the pair selection, the system of equations
can either be rank-full, when a single connected network exists, or rank deficient when multiple
clusters of networks exist. In the latter case, (AT A) is a singular matrix, in other words the
inverse does not exist. To still obtain an estimate for the unknown cumulative phase deformation,
the singular value decomposition method (SVD) can be applied. Specifically, SVD is a matrix
decomposition technique that allows to determine the so-called pseudo-inverse such that the linear
system of equations can still be solved. The general idea is that a matrix is broken down into a
product of three other matrices that are easier to work with

A=USVT, (4.1.11)

where U has a size of MxM and is referred to as the left-singular matrix of A, and V is of size
NxN and is the so-called right-singular matrix of A. Furthermore, S is defined as

20
S = [ P } : (4.1.12)

s

with

Ezdiag(al,...,aN,LH), (4113)
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in which 01,...,0n-L+1 are the non-zero singular values of A and L represents the number of
different SBAS subsets. Given that the pseudo-inverse of A is AT = V.STUT, then ¢ can be
estimated by

b=AT6¢=VStUuTsg, (4.1.14)
with
U (4.1.15)
MN 0 0| -

The result is affected by atmospheric noise, possible closure phase as well as other sources such as
unwrapping errors, as explained in Section 2.2.1. To validate the deformation phase values it is
crucial to identify these sources and account for them where possible. Therefore the residuals are
considered. To do so, the adjusted observations (5(;3) are determined by solving

6 = Ad. (4.1.16)

This result is then compared to the observations (d¢) to obtain the residuals

é=208¢—0¢. (4.1.17)

In theory, the residuals should equate to zero, i.e. since the network of interferograms are derived
from SLC’s, the unwrapped phase should form a closed loop. However, in practice, this is often
not the case due to unwrapping errors or as a result of phase closures due to multilook averaging
(Ansari et al., 2021). These different sources of error can be identified due to the significant
difference in magnitude. The unwrapping error will be a multiple of 27 (a * 27), however the error
resulting from multilooking will likely be less than %w. This distinctive difference allows for the
identification of the source of error. By plotting the residuals, spatial analysis can be performed.
Nonetheless, the unwrapping error will be averaged out over the connected data pairs and therefore
will not be exactly a * 27 in the residuals.

To obtain a linear estimation for each pixel a line is fitted to the obtained deformation phase time
series. To do so, least-squares is implemented again. In this case the unknowns consist of the offset
(b) and the slope (m) for each pixel. Considering that the slope intercept formula is defined as

the design matrix consists of two columns and N rows, where the first column consists of 1’s due
to the constant offset and the second column of time, expressed in the number of days relative to
the very first data set which will be set to 0. This leads to the following system of equations

Y1 1 4 e1
Yo 1 1 €2
S N [ b ] +| .. (4.1.19)
YN 1 in eN

This is then repeated for each pixel. In Figure 4.9 an example for one pixel of a fitted line to a
time-series consisting of ten SAR images.
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Figure 4.9: Example of a line fitting result for the estimated time-series of one pixel.

Step 8: Correction unwrapping errors

The correct estimation of phase ambiguities (phase unwrapping) is crucial for ensuring the relia-
bility of the deformation time series. Given the magnitude of the unwrapping error, i.e., a multiple
of 2m, the impact on the quality of the results is significant. Therefore, it is important to correct
for the errors where possible. To achieve this, a deeper understanding of how an unwrapping error
influences the least-squares results and translates in the residuals is necessary. In other words,
such that the source of the error can be identified, i.e. the data pair containing the error as well as
the extent of the affected region. Once the affected region is identified, necessary corrections can
be applied.

To do so, a test case is considered using the Sentinel-1 SBAS network from track 127 where differ-
ent SLC images from 2019 are selected and, based on their respective spatio-temporal baselines,
combined into interferograms. An unwrapping error of 27 is simulated in one of the interferograms
to analyze the impact on the residuals. First, a different number of interferometric data pairs have
been examined to see whether the source can be identified in the residuals. It was found that
the source could be successfully identified when considering at least four interferograms. When
considering three interferograms the error was divided equally over these different data pairs and,
therefore, undetectable. In the final test case considered, four different SLC images from 2019 are
selected and combined into a total of six interferograms. The selected data pairs are illustrated in
a baseline plot in Figure 4.10. The same processing steps, as described in this section, are followed.
However, an unwrapping error of 27 is simulated and incorporated into a rectangular region within
one of the (unwrapped) interferograms, as can be observed in Figure 4.11.
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Figure 4.10: Simulation Unwrapping Error using six data pairs from the Sentinel-1 SBAS network.
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Figure 4.11: Simulation unwrapping error of 27 incorporated in rectangular region of the data pair
indicated with the red bounding box.

In Monserrat et al. (2009) a phase unwrapping correction procedure is proposed in which a residual
testing method is applied to correct for unwrapping mistakes. The method described involves an
iterative procedure in which outlier candidates are selected based on a fixed residual threshold,
starting with the maximum residual. The selected outlier candidate is then temporarily removed
from the network, after which a new least squares estimation is performed. The new residuals are
compared with the old residuals. If the residuals is within a given threshold, it is either re-sustained
or rejected. This procedure is repeated until all outlier candidates are considered.

A drawback of using this approach is that when an observation is temporarily removed, the residual
of that particular observation can also not be evaluated. As a result, only the residuals from the
remaining time-dimensions of the same pixel can be compared to the old residuals. While these
residuals are affected as well, the impact is not as significant. In addition, the rejection or re-
sustainment of the outlier candidates is dependent on a user-defined threshold, which is undesirable
due to its subjective nature. Theoretically, the residuals should eventually converge to zero without
the presence of unwrapping errors. However, this will not be the case due to phase closures, which
complicates the selection of a threshold. Therefore an alternative approach is considered where
instead of temporarily removing the outlier candidates, the outlier candidates are corrected by
either adding or subtracting 27, depending on the sign of the residual. Then, the overall model
test (OMT) is used to stop the correction for a certain outlier candidate.

Moreover, it is desirable to make the process as efficient as possible. Therefore an alternative
approach is considered that aims to correct for all outlier candidates in a single step, rather than
using an iterative approach like proposed by Monserrat et al. (2009). However, to do so the
unwrapping error pattern needs to be identified. Notably, unwrapping errors manifest as isolated
‘islands’ within the data. In addition, the knowledge obtained regarding the detection of the error
source using a test case can be used to identify the data-pair containing the unwrapping error. The
complete procedure is tested and verified using the test case as described in the beginning of this
step. The procedure contains three steps: identification of the data-pair containing the unwrapping
error, identification of the error region and the residual testing. In addition, a similar method to
Monserrat et al. (2009), in which the outlier candidates are temporarily removed, is applied for
comparison. The user-defined threshold is based on the sum of the old residuals, excluding the
residual of the epoch containing the error, in comparison to the new residuals where the observation
is removed. The outlier candidates and the epoch containing the unwrapping error are identified
by the procedure outlined below.

The testing approach follows the structure of the so-called Detection, Identification and Adaptation
(DIA) procedure (Teunissen, 1990). As the name suggests, the first step involves detecting the
presence of an error, followed by identifying/locating the erroneous pixels and, ultimately, the
final step revolves around adapting the error. The procedure is as follows. The overall model test
(OMT) statistic is used to detect the presence of an error and is evaluated for the original residual
values (1), by

Ty=m—n = €4 @y, Co- (4.1.20)

Currently, the identity matrix I is used as the covariance matrix @), y, hence, indicating a variance
of 1 rad?. However, ideally the covariance matrix would be based on the data precision, e.g., using
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the coherence. This aspect should be a focus for future work. The null hypothesis (the nominal
model, providing the estimation) is sustained if

Tyem-n < Ka, (4.1.21)

where K, is the critical value and is extracted from the Chi-square distribution table for a given
level of significance o and the degrees of freedom ¢ = m — n. m represents the number of obser-
vations, while n represents the number of unknowns.

Then, 27 is added or subtracted to each pixel (adaption), depending on the sign of the phase
value, and least-squares is applied again. The new residuals are determined and compared and the
OMT can be calculated again to update the condition. The procedure is repeated until the OMT
is sustained for each outlier candidate and all errors are corrected for or until a maximum number
of iterations is reached. Once the condition is met for a specific pixel, the final result for this
pixel will not be updated anymore. In addition, if the null hypothesis already was sustained before
adding/subtracting 27, the pixel is also not corrected. For the identification, residual testing is
considered i.e., the new residuals compared to the old. Another option is to use the w-test rather
than the residuals. Since it is assumed that the observations are uncorrelated (Q,, = I), the
equation for the w-test is simplified to

w= (4.1.22)

Oéqo

where é;9 is the residual value and og;0 represents the diagonal of the Q.. matrix, which follows
from

Qpy = AQaz AT, (4.1.23)

Hence, as neither the design matrix A nor @, change and as a consequence neither does o¢,,, the
only difference is that the residuals are scaled. Therefore, from a computational point of view, it
is more efficient to directly consider the residuals.

The resulting effects of this approach as well as the one similar to Monserrat et al. (2009), are
visualized by plotting the estimated deformation phase values for one epoch using the two different
approaches. The original result, still containing the simulated (rectangular) error, next to the
corrected results can be seen in Figure 4.12. The results reveal that for the approach similar to
Monserrat et al. (2009) (middle figure), the erroneous pattern can still be recognized. However,
the phase values are significantly lower compared to the original results (left figure). The error
does not appear in the other residual testing approach anymore (right figure).
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Figure 4.12: Simulation Unwrapping Error - Original result (left), approach comparable to
Montserrat, 2009 (middle), residual testing approach (right).
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To avoid iterating through each pixel in the dataset, a two-step pre-selection approach is imple-
mented in which the data-pair containing the (potential) error is detected and the (potential)
outlier candidates are identified. The outline of this identification and detection procedure is
depicted in Figure 4.13. Details regarding these steps are provided below.

e Detect the data-pair containing the (potential) unwrapping error

To identify the source of the unwrapping error i.e., the interferogram containing the maximum
error, the phase residuals are analyzed locally. The residual data, which should be zero
without unwrapping errors and phase closures due to multilooking, for each of the data-pairs
is divided into regular patches, according to a user-defined window size. The aim is to find
the patch for which all the corresponding pixels have an unwrapping error. To do so, the
mean is computed over the residuals within each of the spatial patches for every data-pair.
For each data-pair the patch with the maximum mean value is determined, after which these
mean values are compared across all data-pairs (epochs). The epoch with the maximum
mean patch is selected.

e Identify the (potential) error region

In this step the potential outlier candidates (error pattern), within the detected epoch, are
identified. Initially, the error pattern was detected by setting the closest integer of the
mean of the maximum patch, found in the previous step, as a threshold. The residuals
above this threshold are then selected as outlier candidates. It was found, when doing so,
that the simulated rectangular error was detected for the most part. To get the complete
rectangle however, the standard deviation of the residuals of the detected epoch (previous
step) is considered and subtracted from the original threshold. This leads to the detection
of the full rectangle, as can be observed in Figure 4.14. The remaining detected pixels are
mainly concentrated around the crater, which can be expected as this is where most of the
decorrelation occurs. As a result, the sparse number of remaining pixels after coherence-based
region masking are likely not properly resolved in the phase unwrapping step.
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Figure 4.13: Tlustration of the automated detection and identification procedure. In this sketch, an
unwrapping error occurs in the first interferogram of the stack. The spatial patches are user-defined
and the standard deviation (denoted ’std’ in the figure) refers to the residuals of the detected epoch.
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Figure 4.14: Automated identification of the (simulated) error region, indicated by the green pixels.
The erroneous rectangle is successfully detected. Additionally, several pixels are detected in close
proximity to the crater, which are expected to be strongly affected by decorrelation.

Alternatively, rather than an approach based on a spatial pattern, the data-pair containing the
unwrapping error could potentially be identified by simply looking at the residual values, i.e.,
by summing the residual values along the columns of each of the time dimensions. Then, the
histogram of the residuals can be plotted and peaks can be identified. Specifically, the presence of
one prominent peak located around zero (see step 7), with minor deviations due to multilooking
errors, is expected for the properly resolved unwrapped phase. In case of an unwrapping error,
another smaller peak is expected. If these peaks are indeed distinctive, a threshold can be set to
detect the error region. This approach could be more robust i.e., it is not sensitive to the choice
of the user-defined window size for the generated patches. However, the success of this approach
is highly dependent on the presence of distinct peaks and is explored in the results in Section 5.2.

Step 9: Output generation

The main output entails the estimated deformation time-series and velocities. In addition, other
outputs, including the residuals, spatial and temporal coherence, are essential to assess the quality
of the estimates. To geocode the results, the latitude and longitude binary output files from
DORIS are used. Due to the multilooking step, the latitude and longitude results need to be
averaged accordingly. In addition, a grid in radar coordinates is used to store the latitude and
longitude values. Therefore, it is necessary to perform interpolation and resampling to a regular
grid in latitude and longitude coordinates. Considering the data size, to limit computation time a
nearest-neighbor (NN) interpolation method is opted for. This choice has reduced the computation
time compared to, e.g., inverse distance weighting (IDW). For each regular grid cell, the indices
of the irregular grid points that fall within this cell are used. If multiple data points are present
within the same regular grid cell, the average is taken. To limit the computation time a K-D tree,
a space-partitioning data structure, is used to enable fast NN queries. To present the outputs in a
convenient manner, the results are exported as GeoTIFFs.
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4.1.3 Challenges

Throughout the development stage a variety of technical challenges were encountered. Initially,
a common issue was related to memory allocation as a result of the large data structures used
or simply insufficient available memory. These could largely be solved by considering an HPC
environment and parallel computing. However, some of these memory errors arose when using
the SARXARRAY package and were not necessarily related to the available memory, but rather to
incorrect loading of the data. This could be attributed to a variety of different issues, such as the
data type specified, the set path to the input data and the data shape. The error was not raised
when loading the stack but only after printing or plotting the values.

Overall, it could be challenging to find efficient approaches to execute different steps in the algo-
rithm. The usage of dictionaries was found to be an efficient and effective approach, e.g. to keep
track of the selected pairs in terms of their respective index such that the interferograms, cor-
responding coherence and the design matrices could be generated accordingly. Another example
which illustrates the efficacy of using dictionaries, is related to the individual masking approach.
In this case, an alternative approach is required for the linear inversion step. Specifically, for each
pixel different time dimensions are included and, therefore, both the observation vector as well as
the design matrices are different. Hence, in contrast to the water mask and single mask approach,
this computation cannot be performed in a single step for all pixels. To still limit the computation
time, the unique matrices are determined and clustered. For each unique matrix, the corresponding
indices of the original complete set of matrices (and thus of the observation vector) is stored in a
dictionary, such that the correct design matrix is assigned to the corresponding observation vector.
In the most significant case, this reduced the number of computations by a factor of ~ 10 (35625
to 3483). This translates to a reduction in computation time of 18.82 to 0.23 s, while maintaining
consistent conditions. Given that this particular code is repeated following the correction of the
unwrapping errors, the cumulative impact becomes more substantial. In terms of the masking
approach in general, due to the absence of a sharp boundary between land and water in the DEM,
especially in the case of St. Eustatius, different approaches were considered. For example, using
amplitude information, i.e. the mean reflection map, or phase information. Ultimately, the appli-
cation of an edge detection algorithm to the coherence values yielded promising results. However,
this approach also raised difficulties, notably, the presence of isolated pixels as well as clusters of
pixels in the water. Additional measures were required to remove these.

In addition, due to phase closures as a result of multilooking, the selection of a threshold to detect
the unwrapping error is challenging. That is, without multilooking the residuals should be zero
and the identification of unwrapping errors would be more straightforward. Therefore, it is difficult
to automatize the selection of a threshold.

4.2 DePSI

The DePSI algorithm composes a main script for the processing steps, called ’depsi.m’, and a
routine for implementing additional filtering procedures, called 'depsi_post.m’. The main script
executes the nine processing steps, outlined in Section 2.2.2, while the 'depsi_post.m’ script allows
for locally filtering the results. In previous work, the main script has already been applied to the
available data and, therefore, the 'depsi_post.m’ routine is of interest to set user-defined thresholds.
Thresholds can be set for the temporal coherence, the local temporal coherence and the spatio-
temporal consistency. Depending on the selected thresholds, the PS density can differ significantly.
Consequently, the aim is to maximize the PS density, while filtering out unreliable PS.

The output is dependent on the selected options within 'depsi_post.m’ and can include spatial plots
and histograms of the amplitude dispersion, ensemble coherence and spatio-temporal consistency.
Furthermore, plots are generated of the removed points, enabling visual assessment of the selected
thresholds. The final results are saved using both a binary format and comma-seperated values
(csv) to facilitate analysis within GIS software and with other (geodetic) measurements. In addi-
tion, an interactive environment is available in which points can be manually removed, if desired,
or to visualize the time series of the final PS.
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5 Results

This chapter begins with an examination of the expected deformation on Saba and St. Eustatius
using GNSS data in Section 5.1. The results obtained through the SBAS approach are then
presented in Section 4.1 and for the PSI approach in Section 5.3. The algorithm is applied to the
available Sentinel-1 tracks as well as the ALOS-2 paths (described in Section 3.2). In addition, for
SBAS, the different masking approaches are compared.

5.1 Validation: GNSS

To gain insight into the current expected deformation in the area of investigation, ground truth data
obtained from the GNSS stations on the islands (location indicated in Figure 3.9a and Figure 3.9b)
are considered. GNSS is an absolute positioning technique within a geodetic reference system. In
order to compare the results with InSAR, some additional processing steps are required beyond
what was performed by NGL. Specifically, considering that InSAR is a relative technique, the
horizontal displacement as a result of plate tectonics is not visible in InSAR measurements since
the whole island is affected. Consequently, a stable reference point is missing. Therefore, GNSS is
made relative, to allow for comparison with InSAR. One of the GNSS stations is used as a reference
station for each island such that the horizontal displacement cancels out. For both islands, the
station nearest to the airport is selected. For Saba, this is the station denoted by "'SABY’, while for
St. Eustatius the station is denoted by 'SEUS’. As a result of this, the seasonal effect is subtracted
as well. Furthermore, outliers are removed, the measurements are taken relative to the median,
which was set to zero, and a rolling mean is evaluated to be able to follow the overall trend over
the years. Finally, given that the GNSS stations were deployed at different time instances, some
stations have longer recorded time periods than others. Therefore only those time instances that
exhibit overlap across all four stations are taken into account.

The three resulting components, North-South, East-West and the vertical, are visualized in Fig-
ure 5.1 and Figure 5.2 for Saba and St. FEustatius respectively. It can be observed that the
current deformation is stable overall with about a c¢m noise level in the vertical direction, as can
be seen in the first row of both figures, and approximately 5 mm horizontal noise, as shown in the
middle/bottom panels.
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Figure 5.1: Saba GNSS data using Station 'SABY’ as reference station. Top row shows ”Up”
component, middle row the ”North” component and bottom row the "East” component.

49



SEUT - Time Series GNSS

SEUH - Time Series GNSS

SEUB - Time Series GNSS

[ww] dn

1ZZ0Z O

| zzoz PO

|zz0z 1O

| €20z 2dy

| £z0z 994

|zzoz 200,

=
g
2
&

[ zeoz by

| zzoz unl

Fezor sdy

|€20Z Jdy

| €70z 924

|zzoz 320,

r
G
-1
a
[}

| zzoz by

| zoz unl

' ZE0T My

| £zoz ady

| €70z 994

|zzoz 290,

=
]
g
&

|2zoz By
| zzoz unl

Fezor sdy

SEUH - Time Series GNSS SEUT - Time Series GNSS

SEUB - Time Series GNSS

)
[ww) ypoN

+ " e e ET0Z 99

|zz0z 390,
=
H
|zz0z w0 &
| zzoz bny

| zzoz unl

- zzoz sdy

1€z0z 1y
€20z 424
12202 %20,
£
S
2
| zzoz wo O
| zzoz By

fezoz unf

Fezoz ady

| €20t 1dv
| €20z 924

| zzoz 290,

=

S

2
|zzozvo &
[ zzoz by

| zzoz unl

' ezoz dy

SEUH - Time Series GNSS

SEUB - Time Series GNSS

SEUT - Time Series GNSS

T N 6w

[wuw] 35e3

~ © ~ T

YT
[ww] 35e3

" lezoz 10

< ez >a

. |zzoz w0

o lzrezwo

. [Ezozady
. |ezozas

- 12202390,

=
g
2
&

tezoz by
= fzzozunl

- 20z 4y

“lezoz idy

| lez0z ad

£
]
]
a
o

| zzoz By
< | zzoz unf

‘zzoz dy

+ . |Ez0zdy
" |ezoz 9vd

. lzzozea,

r
G
8
a
o

rzzoz by

| zzoz unl

' zzoz idy

. Top row shows

0on

St. Eustatius GNSS data using Station 'SEUS’ as reference stat
”Up” component, middle row the ”"North” component and bottom row the ”East” component.

Figure 5.2

50



5.2 SBAS

In this section, the results from the SBAS approach are presented. Subsection 5.2.2 discusses the
ALOS-2 results, while Subsection 5.2.1 focuses on the Sentinel-1 results. The intermediate results,
following from the processing steps, are first considered. This is followed by the final results, i.e.,
the estimated deformation time-series and velocities.

5.2.1 ALOS-2

Intermediate Results

After loading the data sets into a xarray.dataset in Python, the first step is the selection of data
pairs based on the modeled coherence approach, as described in Section 4.1. Due to the limited
availability of ALOS-2 data, the number of data pairs combined according to the short-baseline
configuration result in over 40 unique pairs. This is significantly less compared to Sentinel-1. After
the selection procedure, in which the parameters are fine-tuned using actual coherence values, over
half of the data pairs remain, as illustrated in Table 5.1. The proportion of data pairs that remain
for ALOS-2 relatively high, which is a promising outcome. In addition, it is noteworthy that none
of the data sets exhibit any data gaps, as can be observed from the baseline plots in Figure 5.3.

St. Eustatius Saba
ALOS-2 Path 37 Path 36 | Path 37
Original Pairs 45 55 45
Selected Pairs 29 32 29

Table 5.1: ALOS-2 - The unique number of data pairs versus the selected pairs following the
selection procedure using the third approach. Both paths are ascending.

ALOS-2 p37 St.Eustatius - Short-Baseline Configuration ALOS-2 P37 Saba - Short-Baseline Configuration

Perpendicular Baseline [m]
Perpendicular Baseline [m]

(a) ALOS-2 Path 37 St. Eustatius. (b) ALOS-2 Path 37 Saba.

ALOS-2 p36 St.Eustatius - Short-Baseline Configuration

200

150

100

Perpendicular Baseline [m]

(c) ALOS-2 Path 36 St. Eustatius.

Figure 5.3: Short-baseline configuration plots. The red triangle represents the original mother SLC
in the single-mother configuration.
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The interferograms and corresponding coherence are obtained accordingly. The coherence has
been analyzed in a so-called ’coherence matrix’, to assess the change in coherence depending
on the temporal baselines. In other words, the interferograms are ordered in time per SLC for
each row and column. The diagonal is left empty, since an interferogram between the same SLC
does not exist. Considering the fact that a larger temporal baseline typically leads to increased
decorrelation, it is expected that the coherence is higher along the diagonal as the columns next
to each other are closer in time. The resulting coherence matrix for Path 37 for St. Eustatius is
visualized in Figure 5.4. As expected, the coherence increases with decreasing temporal baselines
and the data pairs with higher coherence are located closer to the diagonal. The discarded data
pairs are indicated with red rectangles in Figure 5.4 and are situated along the outer boundaries
of the matrix.

Figure 5.4: ALOS-2 St. Eustatius Path 37 coherence matrix. The discarded data pairs are
highlighted with red rectangles.

Multilooking is performed using a window size of 24:14 for the data of Path 37 for both St.
Eustatius and Saba, to reduce noise and to limit computation time on account of the size of the
acquired scene. For Path 36 St. Eustatius a window size of 12:7 is considered, as a window size
of 24:14 did not appear to show reliable results on account of the unrealistic high variability of
the estimated deformation velocities. To achieve the latter the Path 36 data set is also run using
an HPC environment, as is done for Sentinel-1. This is because, with a window size of 12:7, the
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unique matrices calculated in the individual masking result in over 28,000 iterations, which is too
computationally heavy to run locally. As a result of multilooking, the stochastic noise decreases
and phase estimation improves. However, the spatial resolution is affected. The effect of reduced
noise and decreasing spatial resolution is illustrated using Figure 5.5 for a subset of Path 36, such
that the different window sizes can be compared. An increasing window size leads to a decreased
spatial resolution, resulting in a noticeable loss of detail in the interferograms in the bottom row.
This complicates the detection of small-scale deformations and could potentially lead to signal loss.
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Figure 5.5: ALOS-2 Path 36 St. Eustatius - The effect of multilooking on the original interfero-
grams (top row), using a window size of 12:7 (middle row) and 24:14 (bottom row).

The coherence-based masks are generated for the different paths and are visualized in Figure 5.6a
and Figure 5.6b, for Saba and St. Eustatius Path 37, and in Figure 5.6¢ for St. Eustatius Path 36.
For the individual masks, only the masks for the data pairs with the smallest and largest temporal
baselines are displayed. The complete set of masks can be found in the appendix. A coherence
threshold of 0.3 is applied to both the single and individual masks. The results reveal that the
single mask approach (left column) includes considerably fewer pixels compared to the individual
mask with the smallest temporal baseline (right column). The individual mask corresponding to
the largest temporal baseline (middle column) shows the opposite, suggesting that not all pixels
encompassed by the single mask may be reliable across all epochs. This shows promise for the
individual masking approach. However, to avoid an under-determined system in the linear inversion
step, an additional threshold will be set to only consider those pixels in the individual masks with
at least the same number of observations as unknowns. In addition, for both islands it appears
that the region surrounding the volcano exhibit lower coherence. This could be expected due to
the steep slopes and dense vegetation cover. Consequently, with the exception of few isolated
pixels, for Saba the area around the summit of Mt. Scenery on Saba is masked. For St. Eustatius,
a comparable pattern can be observed with the single masking approaches, however, to a lesser
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degree. Since SBAS considers the spatial relationship between pixels in the phase unwrapping
step, the unwrapped phase values of isolated pixels on the summit are unreliable. In the case of
Saba, merely the outer flanks of the volcano remain for both masking approaches. Regarding St.
Eustatius, the single mask approach also excludes substantial portions of the volcano flanks. The
specific side of the flank being masked likely follows from the side-looking geometry. Specifically,
both paths are ascending and the eastern part of the flanks in Figure 5.6b and Figure 5.6¢ (left) is
masked. In contrast, the spatial coverage achieved with the individual masking approach for small
temporal baselines is significant and extends to nearly the entire island. Finally, when considering
the shape of the mask for Saba, sharp edges can be observed at the eastern side of the island. This
is particularly apparent for the individual mask with smallest temporal baselines (right most image
in Figure 5.6a). Around these edges gullies exist, which are deep channels resulting from streams.
These features could possibly explain the occurrence of the edges. However, the edges seem too
sharp to be a result of natural phenomena and might be a processing artifact, also considering the
fact that for Sentinel-1 these edges are not visible.

Single Mask

20160905-20181015 20181015-20181224

120
100

80

azimuth

60

azimuth

40

20

0 00
75 100 125 150 175 200 75 100 125 150 175 200
range

range

(a) ALOS-2 Path 37 Saba.
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(b) ALOS-2 Path 37 St. Eustatius.
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(c) ALOS-2 Path 36 St. Eustatius.

Figure 5.6: Single mask approach (left) compared to the individual masks for the largest temporal

baseline (middle) and smallest temporal baseline (right). The masks are binary, selected pixels are
assigned a value of 1.

54



In Figure 5.7, the original wrapped phase is followed by the unwrapped results for each of the
masking approaches for an example data pair of ALOS-2. Considering that currently no defor-
mation is expected, fringes are absent in the wrapped result and values near zero are expected
for the unwrapped results. During the phase unwrapping procedure some difficulties arose in the
individual masking approach, as described in Section 4.1. For the individual masking approach,
the original approach is shown along side the improved solution, following the nearest-neighbor
interpolation approach.

Unwrapped
Wrapped I { | Water mask Single mask | | Individual Mask Ind. Mask + NN \

E -
20150907-20170123 20150907-20170123 2 20150907-20170123 20150907-20170123 20150907-20170123

Fan

Figure 5.7: ALOS-2 - Wrapped phase result followed by the unwrapped phase results for the
masking approaches. The individual masking approach leads to inconsistent results on account of
areas with limited pixel connection. This is solved by applying a (nearest-neighbor) interpolation
before unwrapping (right).

On account of the relative nature of InNSAR measurements, the selection of a spatial reference is
crucial, as explained in Section 4.1. i.e., any noise in the reference pixel translates to all pixels.
The airport is focused on, as this location is assumed to be relatively stable for both islands. Using
the mean coherence, averaged along the different time dimensions, a high coherence pixel can be
selected. An example of this approach is presented in Figure 5.8a.
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Figure 5.8: The selection of a spatial reference point, indicated by the red cross. The reference
pixel is selected near the airport, as this location is assumed to be stable (non-deforming), at a
high coherence pixel using the mean coherence map.
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Final Results

After acquiring the unwrapped phase, the linear inversion step can be applied and deformation
estimates can be derived. The linear deformation estimates are expressed in mm/year and, as
concluded from the GNSS results in Section 5.1, current deformation at the islands is expected
to be minimal. Hence, deformation values near zero are expected. Assuming that there is no
deformation currently, the standard deviation gives the spread of the signal around zero and can
be used for the precision. It is important to emphasize that the results are relative to the selected
spatial reference pixel and, as such, cannot be interpreted in absolute terms. In addition, when
interpreting the results, it is important to consider that the DEM error is not estimated and that
an atmospheric correction has not been applied. The atmospheric effect can lead to inaccuracies in
the deformation estimates, demanding careful consideration when interpreting the data. Therefore,
the primary focus is on the consistency (see Subsection 1.3) of the results, e.g., the identification
of specific areas experiencing significant changes over time, rather than relying on the numerical
values of the deformation estimates. Histograms are used to visualize and understand the statistical
distribution of the estimates and for the identification of outliers. Under the assumed conditions
of no deformation, the histogram should reflect this with a central peak around zero and minimal
variability. The degree of variability can be assessed through the standard deviation. Geometric
distortion effects must also be recognized to assess the reliability of certain displacement estimates.
Finally, negative LOS displacement indicates movement towards the satellite and thus uplift.

The linear deformation estimates for Saba, specifically Path 37, are depicted for the different
masking approaches in Figure 5.9, i.e., the water mask (top row) as well as the single (middle row)
and individual (bottom row) masking approaches respectively. The masking approaches instantly
prove to be crucial in the calculation of deformation estimates. Namely, when comparing the
different approaches, the one without mask shows significant changes at multiple locations as well
as sudden jumps. The histogram in Figure 5.9b is somewhat skewed and the highest peak is not
centered near zero, but rather is located between 5-10 mm/year. Furthermore, some outliers are
observed reaching magnitudes up to 40 mm/year. This is not realistic and this result appears
to mainly show noise. These findings align with the description in Section 4.1, that is to avoid
unwrapping mistakes, incoherent regions should be excluded.

When comparing the other masking approaches, it can be observed that most values are centered
at or around zero. Generally, it seems that a consistent pattern occurs for both approaches, as can
be seen in Figure 5.9c, Figure 5.9e and the respective difference map in Figure 5.10. Specifically, a
trend can be observed across the island. The values with somewhat higher magnitudes are primarily
located near locations with a low sensitivity index in Figure 4.8 and may be a result of the layover
effect. Although this figure is for the Sentinel-1 tracks, the affected locations are assumed to be
comparable for ALOS-2. However, a difference that immediately stands out, is the extent of the
outliers. The histogram in Figure 5.9f, shows outliers exceeding a magnitude of 125 mm/year. This
could possibly be explained by the isolated pixels found around the summit of the volcano. These
pixels are deemed unreliable as they are not connected to any of the other points in the SBAS
network and hence the phase unwrapping procedure fails to unwrap these properly. However, these
isolated pixels also cause high magnitude values in the single masking approach and therefore this
does not explain why the values are considerably larger for the individual masking approach. It
could be that these outliers stem from pixels that are selected in only a few epochs, resulting in
using a relatively low number of observations for velocity estimation, thereby exposing them to
the full effect of the atmosphere component and DEM errors. However, given that only pixels with
an equal number of observations and unknowns are taken into account, this effect is not expected
to be this significant. Another reason could be the fact that the singular value decomposition
(SVD) method is considered for some pixels in the individual masking approach. This because of
the variable structure of the design matrix, which may lead to singular matrices. As explained
in Section 2.2.1 the SVD method could introduce large discontinuities, which could explain the
susceptibility of the individual masking approach to outliers. When examining the histogram in
greater detail in Figure 5.9g and by considering the standard deviation of the estimates as presented
in Table 5.2, it can be seen that the distribution is similar to Figure 5.9d, both closely resembling
a Gaussian distribution, and that overall mm order precision is acquired using both approaches.
Considering the limited data availability and the notably larger revisit time compared to Sentinel-1,
these are promising results.
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Figure 5.9: ALOS-2 Path 37 Saba - Linear deformation estimates, (Continued ...)
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Figure 5.9: (Continuation ...) for the different masking approaches and corresponding histograms.

Water mask Single mask Individual masks

[ Path 37 5.14 152 584
St. Bustatius - 4+ 3¢ 6.86 552 6.51
Saba Path 37 6.30 3.50 5.78

Table 5.2: ALOS-2 - Standard deviation of the linear deformation estimates in [mm/year].
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Figure 5.10: ALOS-2 Path 37 Saba - Difference map of the linear deformation estimates following
from the single and individual masking approaches. Overall, values near zero can be observed.

Further analysis is performed by considering the residual values. The residuals are used as a
collective term for different components, including the atmospheric effect, unwrapping errors, noise
as a result of decorrelation and, in the case of SBAS, phase closures from multilooking. For
visualization purposes as well as for data interpretation, the residuals are divided by 27 to show
the error as the integer number of full cycles. The residuals are shown in Figure 5.11a, Figure 5.11b
and Figure 5.11c for the three approaches. It is evident that without a land mask, the residuals are
notably higher than for the other approaches and show varying patterns of different magnitudes.
These patterns are further analyzed by means of difference maps of the unwrapped phase values. In
theory, if the unwrapping procedure was successful, the difference in the unwrapped phase should
be around zero. In Figure 5.12a, the difference map between the unwrapped water mask phase
values and the single mask phase values is visualized. The outcomes suggest the presence of an
unwrapping error in one of the approaches, owing to the constant offset of a magnitude of 27. The
unwrapped phase values of both approaches imply that these unwrapping errors stem from the
water mask approach, as depicted in Figure 5.12b. This finding strengthens the outcomes drawn
from the linear deformation estimates, highlighting that the absence of a mask results in inclusion
of unreliable pixels, making this approach more prone to unwrapping mistakes. In addition, it
can be observed that for a smaller temporal baseline, the residuals are overall lower due to the
minimized decorrelation phenomena.

Between the single (Figure 5.11b) and individual (Figure 5.11¢) masking approaches small differ-
ences can be observed. All in all, the residuals are close to zero with some exceptions. When
looking closely, the pixels showing somewhat higher residual values in the single masking approach
seem to not be covered by the individual masks. In addition, the south part of the island seems have
higher residual values in some cases for both approaches. It is unsure whether these are unwrapping
errors, as the difference maps do not indicate this. In addition, an unwrapping error will likely
be visible as an isolated ’island’ with a constant value, which does not seem to be the case here.
Considering that one of these have a temporal baseline of almost two years (20180108-20190318)
this could also be attributed to other error sources.
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Figure 5.11: ALOS-2 Path 37 Saba - Residuals of the different masking approaches. For visualiza-
tion purposes, the residuals [rad] are divided by 27 to show the error as (Continued ...)
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Figure 5.11: (Continuation ...) the integer number of full cycles. The residuals are considerably
higher for the water mask (top rows). Overall, the single mask (middle rows) and, in particular,
individual masks (bottom rows) show residual values near zero with some exceptions.
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Figure 5.12: ALOS-2 Path 37 Saba - Identify unwrapping errors in water mask results.

The data sets containing St. Eustatius are also considered. When evaluating the deformation
estimates and looking at the residuals, the outcomes of both data sets suggested the presence of
an unwrapping error in the single mask approach, specifically for Path 36 with a window size of
12:7 and for Path 37 with a window size of 24:14. In Figure 5.13 a subset of the residuals of
Path 37 is visualized. In this subset an erroneous pattern appears in the northern part of St.
Eustatius affecting multiple data pairs, as indicated in the figure. By plotting difference maps, the
unwrapping error source is identified, as shown in Figure 5.17b. Similarly, an unwrapping error
for Path 36 is identified. Looking at a subset of the residuals of Path 36 for both the water mask
as well as the single mask approach, in Figure 5.14, another erroneous pattern seems to be present
in both approaches, this time in the southern part of the island around the volcano. Considering
that the error occurs in both approaches, the difference maps of the individual masking approach,
with respect to the single masking approach, is used to identify the source, as can be seen in
Figure 5.16. For both paths, the unwrapping error occurred within a data pair with a temporal
baseline of over two years. In comparison to Sentinel-1, for ALOS-2 larger baselines are included
due to the higher coherence. The decreased coherence associated with the larger baselines, possibly
only slightly exceeding the coherence threshold of 0.3, may explain the unwrapping errors found.
These unwrapping errors will be addressed in the subsection on unwrapping error correction. The
final deformation estimates will be discussed after this correction has been applied.

In addition, in both paths a strong signal can be observed on the flank of the volcano, as indicated by
the red circles in the residual figures (Figure 5.13 and Figure 5.14). This seems to be located around
the Sugar Loaf-White Wall complex. As described in Section 3.1, this formation is characterized
by nearly vertical cliffs and composed of significantly different rock types compared to the rest of
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the island. A possible explanation for the occurrence of this signal is that the topographic phase
is not properly deducted in the pre-processing steps performed in DORIS. Specifically, due to
the steepness of the bedrock, the DEM might not have been accurate, resulting in an inadequate
subtraction of topography.
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Figure 5.13: ALOS-2 Path 37 St. Eustatius - Residuals of the single mask approach. For visual-
ization purposes, the residuals [rad] are divided by 27 to show the error as the integer number of
full cycles. An erroneous pattern arises and is visible among different data pairs (enclosed by red
bounding box), indicating that one of these likely has an unwrapping error.
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Figure 5.14: ALOS-2 Path 36 St. Eustatius - Residuals of the single mask approach. For visual-
ization purposes, the residuals [rad] are divided by 27 to show the error as the integer number of
full cycles. An erroneous pattern arises and is visible among different data pairs (enclosed by red
bounding box), indicating that one of these likely has an unwrapping error.
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Figure 5.15: ALOS-2 Path 37 St. Eustatius - Difference maps between the unwrapped phase
following from the water masking (no inland masking) and single masking approach. A constant
offset can be observed in one of the data pairs (right figure), corresponding to an unwrapping error.
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Figure 5.16: ALOS-2 Path 36 St. Eustatius - Difference maps between the unwrapped phase
following from the individual masking and single masking approach. A constant offset can be
observed in one of the data pairs (right figure), corresponding to an unwrapping error.

Correction Unwrapping Error

The procedure followed for the unwrapping error correction is described in detail in Section 4.1. The
results from ALOS-2 are used to demonstrate the effectiveness of the residual testing approaches.
The first step is the automated identification of the data pair containing the unwrapping error.
This step has proven successfully for both Path 36 and Path 37 using a patch size of 20x20 pixels.
The second step involves identifying the affected region, the so-called outlier candidates, using
the threshold based on the maximum (absolute) mean patch value and the standard deviation of
the selected data pair from the previous step. The detected outlier candidates are visualized in
Figure 5.17a for Path 37 and Figure 5.18a for Path 36. For reference, difference maps, which can be
used to compare and validate the detected erroneous region, are also plotted in Figure 5.17b (water
and single mask) and Figure 5.18b (individual and single mask). The results reveal the detection
of most of the erroneous pattern, with the exception of a few pixels. In addition, some other outlier
candidates are selected near the volcano in Figure 5.17a, which could be expected and also show an
offset in the difference map in Figure 5.17b. Path 36 shows some other pixels with constant offset
distributed over different parts of the island, as visible in Figure 5.18b. These smaller regions are
also picked up in Figure 5.18a. In the northernmost part of the island, some outlier candidates
are selected that are not visible in the difference map. This is because the difference map only
shows those pixels that are present in both masking approaches. Therefore this could very well
be erroneous pixels, however it cannot be checked. It should be noted, that should some of the
selected outlier candidates not be erroneous, this will be identified following the residual threshold
or OMT test, depending on the approach used, in the residual testing procedure. As a result, the
value of these pixels will be left unchanged.
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(a) Detected unwrapping error region Path 37. (b) Difference map Path 37.

Figure 5.17: ALOS-2 Path 37 St. Eustatius - Automatized detection of the unwrapping error (left)
compared to the actual erroneous region using the difference maps between the water and single
masks (right). The majority of the erroneous pattern has been detected by the algorithm.
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(a) Detected unwrapping error region Path 36. (b) Difference map Path 36.

Figure 5.18: ALOS-2 Path 36 St. FEustatius - Automatized detection of the unwrapping error
(left) compared to the actual erroneous region visible from the (water-single mask) difference maps
(right). The majority of the erroneous pattern has been detected by the algorithm.

Then the residual testing step is applied. Both the interferogram removal and interferogram
correction approaches are implemented and compared. The first is based on a residual threshold
and temporarily removes the so-called outlier candidate pixels, which were identified in the previous
step. For each separate pixel the new residuals are compared. However, since the updated residuals
of the outlier candidates for the actual data pair cannot be obtained through this approach, the
residuals of the other time dimensions are compared to the post-removal residuals. Therefore, a
threshold is set based on the sum of the (absolute) original residuals, not including the erroneous
data pair, compared to the updated residuals. The second, newly developed approach entails a
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threshold based on the OMT test and temporarily corrects the outlier candidates. If the correction
results in the acceptance of the OMT test result, the value is adjusted accordingly and will not be
updated anymore. The exact settings used for the adaptive approach are shown in Table 5.3.

The approaches are compared by visual interpretation of the results as well as the standard de-
viations of the estimated velocities. But first, the original residuals are compared to the updated
residuals after the correction process. This can only be done for the second approach. Figure 5.19
and Figure 5.20 represent the original and updated residuals following the correction procedure. It
can be observed, from the spatial plots as well as the histograms, that after the correction most of
the residuals are approaching zero in both cases. The distinct peaks in the histograms, in partic-
ular apparent for Path 37 likely owing to the size of the affected region, are significantly reduced.
However, especially for Path 37, there are still some pixels within the error region that have not
been updated. This could suggest that the threshold should be lowered by means of changing the
significance level, denoted «, but the value of 0.0001 is already relatively low.

Outlier candidates corrected
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Figure 5.19: ALOS-2 Path 37 St. Eustatius - Residuals pre- (left column) and post- (right column)
correction for the interferogram adaptive approach. In a) and b), the residuals [rad] are divided
by 27 to show the error as the integer number of full cycles.
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Figure 5.20: ALOS-2 Path 36 St. Eustatius - Residuals pre- (left column) and post- (right column)
correction for the interferogram adaptive approach. In a) and b), the residuals [rad] are divided
by 27 to show the error as the integer number of full cycles.

The original results, i.e., before the removal or correction of the outlier candidates, are presented
in Figure 5.21. For Path 36, the error occurs both in the water masking approach and the single
masking approach. The unwrapping errors appear to have a significant effect on the results,
showing high magnitude values at the location of the error. Due to the limited data pairs this
effect is more pronounced than would be the case for Sentinel-1 for instance. Furthermore, the
central peaks in the histograms of Path 36 for both approaches are not centered at 0 and show
some outliers. However, it should be noted that this is also dependent on the chosen reference
pixel. Path 37 does not show any alarming values near the unwrapping error region. This can be
explained when looking at the results obtained through the Water mask and individual masking
approaches, which show a constant offset in the northern part of the island. The single mask
approach solution, although overall closer to zero, does not align with these results. In Path 37 a
strong red anomaly can be observed in the northern region. This location corresponds to a steep
cliff and could give rise to layover effects. This suggestion is strengthened by the fact that the same
anomaly can be identified in the results of Path 36, which is also an ascending path and should
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therefore also experience layover effects on the same side of the cliff.

p37 Single Mask

150

S
g 0
e
100
-5
50 =10
=15
1]
range
15
400
10 _
-
o
o
z‘-.
300 5 E
E
g §
= 200
8
Y
-5 a
=
5
@
£
100 —10°
-15
0
0 100 200
range
p36 Single mask
15
400
10 _
5
@
=
300 5 E
E
= §
g 0o 3
4 200 g
b
-5 O
=
o
L
£
100 o

-10

=135

0 100
range

200

Linear Deformation [mm/year]

Intensity [-]

Intensity [-]

1600 -

1400

1200 A

1000

800 1

Intensity [-]

600 1

200

0
-20

T
=15

1 ' ’ 7
=5 ] 5 10 15
Linear Deformation [mm/year]

4
-10 20

3000

2500 1

2000

1500 A

1000

500 A

T
=20

u
-10

i T T T

0 10 20 30
Linear Deformation [mm/year]

2500

2000

1500 1

1000

=20

=10 0 10
Linear Deformation [mm/year]

Figure 5.21: Original linear deformation estimates for Path 37 single masking approach and Path

36 water masking approach and single masking approach.

Settings
alpha Ka | Outlier candidates Corrected candidates
Path 37 | 0.0001 52.39 5810 4356
Path 36 | 0.0001 55.52 7988 5484

Table 5.3: Settings and results for the adaptive testing approach demonstrated using ALOS-2

results for St. Eustatius.
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The results obtained after the removal and correction of the outlier candidates are depicted in
Figure 5.22 and Figure 5.23. For both paths, the figures reveal consistency in the outcomes of
the different masking approaches. In comparison to the original results, the histograms of Path
36 are now centered around zero. An average deformation behaviour of zero is observed overall,
with mm order deviations. In contrast, Path 37 shows a more skewed histogram following the
correction/removal of the outlier candidates. This change is primarily attributed to the northern
part of the island, as discussed above. However, it is worth noting that the distribution of the
individual masking approach exhibits a distinct pattern, in which its central peak around zero
significantly diverges from the other values. A possible explanation for this prominent peak in the
individual masking approach is that exclusively pixels with high coherence (> 0.3) are selected
for each epoch separately. However, it is important to highlight that for Path 36 the individual
masking approach exhibits a more Gaussian distribution. This difference might be influenced by
variations in noise levels, i.e., Path 36 has been multilooked using a smaller window size. In terms
of the different testing approaches, the distributions appear similar. However, due to the different
thresholds used, the first approach (removal) accepts more of the outlier candidates as erroneous.
The standard deviations of the original results are presented in Table 5.2 and the updated standard
deviations are shown in Table 5.4. Both approaches show improvements for Path 36. The updated
standard deviations for Path 37 result in an increased value, on account of the increased magnitude
in the northern part. For both paths, the standard deviation is smaller for the adaptive approach.
Yet the difference is relatively small, especially for Path 36. Considering that the adaptive method
allows for retaining all observations and for comparison of the updated residuals with the original
data, it is the preferred approach.

Finally, a distinct changing pattern can be observed in the southern part of the island for Path 36
in Figure 5.22, even after the unwrapping error correction. The pattern is consistent in all three
approaches and is near the Sugar Loaf-White Wall complex, which previously also showed a strong
signal in the residuals of both paths. This pattern is also, to a lesser extent, apparent for Path 37
in Figure 5.23. Earlier in this section, this was attributed to the potentially incorrect topographic
phase removal. For Path 36, the affected area is slightly larger than for Path 37. It should also be
taken into account that, when comparing its location to the sensitivity index in Figure 4.8, part
of this location also corresponds to a low sensitivity index for the ascending track of Sentinel-1,
which likely is comparable for the ascending paths of ALOS-2. This pattern could therefore be
amplified due to a mix of reflections, following from layover effects.

Single Masks Original QOutlier candidates Outlier candidates
removed corrected
. Path 36 5.52 5.49 5.44
St. Bustatius | i 571152 5.22 1.94

Table 5.4: ALOS-2 - Standard deviation of the improved single mask linear deformation estimates
in [mm/year]|.

Alternatively, as mentioned in Section 4.1, an approach based on the detection of peaks in the
histogram of the residuals could aid in the automatic identification of the unwrapping error. Using
such an approach could allow for a more robust threshold selection for the detection of outlier
candidates. However, this requires the presence of distinct peaks, such that a threshold can be
set. As can be observed from the histogram of the original residuals for Path 36 in Figure 5.20c,
two relatively large peaks can be identified. In contrast, the residuals histogram for Path 37 in
Figure 5.19¢ does not show distinct peaks. These outcomes suggest that this approach may not
be optimal in all cases. However, further investigation may be required after the estimation and
removal of the atmospheric component and the DEM errors.
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Figure 5.22: Linear deformation estimates for ALOS-2 Path 36, including corrected linear defor-
mation estimates for the single masking approach using both testing approaches. The individual
mask (right) is compared to the updated single masking results (left and middle) using the inter-
ferogram removal and adaptive approach, respectively.
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Figure 5.23: Linear deformation estimates for ALOS-2 Path 37, including corrected linear defor-
mation estimates for the single masking approach using both testing approaches. The water mask
(left) and individual masks (right) are compared to the updated single masking results (middle)
using the interferogram removal and adaptive approach, respectively.
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To perform a consistent comparison, the results for Path 37 using the same multilooking window
as for Path 36 are also considered. The linear deformation estimates of St. Eustatius Path 37,
using this same multilooking window of 12:7, are visualized in Figure 5.24. The corresponding
standard deviations of the estimates, following from different masking approaches, are presented in
Table 5.5. First of all, the results again reveal consistency among the different masking approaches.
Secondly, in this case, the different datasets also indicate a relatively high level of consistency, when
comparing Figure 5.24 to Figure 5.22. Specifically, in both paths generally higher values can be
observed in the northern part of St. FEustatius, while other regions are overall relatively close
to zero. However, with the exception of the isolated pixels near the crater of the Quill as well
as the distinct pattern in Path 36 around the Sugar Loaf-White Wall complex, which is not as
apparent for Path 37. Given the distinct locations of the selected pixels in both paths, to enable a
comparison the linear deformation estimates of both Paths are geocoded. Then, the values of Path
36 are interpolated, using nearest neighbor interpolation, to the nearest (latitude and longitude)
coordinates of Path 37. Consequently, a (geocoded) difference map between the individual masking
results of Path 36 and Path 37 can be generated and is visualized in Figure 5.25. The majority of
the pixels appear to be around zero, indicating consistency between the paths, with some exceptions
in particular near the crater of the Quill. Moreover, as opposed to what can be observed using a
window size of 24:14 in Figure 5.23, the distributions in Figure 5.24, in particular the distribution
for the individual masking approach, approach a more Gaussian distribution similar to Path 36 in
Figure 5.22.

Finally, the use of this particular window for Path 37 did not lead to any unwrapping errors in the
single mask, in contrast to the results using a window size of 24:14 as illustrated previously in this
section. Typically, using a larger window size can reduce the (stochastic) noise, as described in
Section 2.2. However, it could be that when using a larger window over regions where decorrelation
strongly varies, pixels of varying phase quality are averaged. This can introduce unwrapping
challenges as regions of low coherence are more prone to unwrapping errors (see Section 4.1).
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Figure 5.24: Linear deformation estimates for ALOS-2 Path 37 with window size 12:7, including
the water (left), the single (middle) and the individual masking approaches (right). The results
reveal a relatively high level of consistency both between the masking approaches and with the
results for Path 36 using the same multilooking window.
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Water mask Single mask Individual masks
St. Eustatius Path 37 5.72 4.91 6.66

Table 5.5: ALOS-2 St. Eustatius - Standard deviation of the linear deformation estimates in
[mm/year] following from Path 37 with a window size of 12:7.
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Figure 5.25: ALOS-2 St. Eustatius - Difference map between the linear deformation estimates of
Path 37 and Path 36, following from the individual masking approach. The geocoded results are
used to enable the comparison. Furthermore, since the selected pixels from both paths occur at
distinct locations, nearest neighbor interpolation of the values of path 36 to the nearest coordinates
of path 37 is performed. The majority of the pixels appear to have values near zero.
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5.2.2 Sentinel-1

Comparable steps to those carried out for ALOS-2 are executed and presented for Sentinel-1. If
applicable, any findings similar to those previously elaborated upon for ALOS-2 are not extensively
detailed for Sentinel-1.

Intermediate Results

The data pairs are combined according to the short-baseline configuration, resulting in over 6000
unique pairs for each of the Sentinel-1 data sets. The model-based selection procedure consid-
erably decreases the number of data pairs deemed useful to about 400, as can be observed from
Table 5.6. This could be expected considering the time frame from 2014 to 2020, where large tem-
poral baselines are not selected. Yet, on account of the rich Sentinel-1 data archive characterized
by a relatively short revisit time, a significant number of data pairs is left. The short-baseline
configuration plots are visualized in Figure 5.26, for both the different tracks and islands. It can
be observed that for all cases data gaps occur. This means that for Sentinel-1 the implemented
SVD approach is considered, such that all available data pairs can be used in the estimation. For
track 127, all the SLC’s are included but two data gaps occur for St. Eustatius, see Figure 5.26a,
and one for Saba, see Figure 5.26b. The difference in the selected data pairs for track 127 can be
explained by the issues encountered due to the variations in swath coverage for the St. Eustatius
data set, as described in Section 3.2.1. Regarding track 164, in addition to the data gap, one of
the SLC’s is excluded from the network. Based on these resulting baseline plots, the determining
factor in the selection process appears to primarily be the temporal baseline.

St. Eustatius Saba
Sentinel-1 t127 (des) t164 (asc) | t127 (des) t164 (asc)
Original Pairs 6670 7503 7140 7503
Selected Pairs 354 424 376 424

Table 5.6: Sentinel-1 - The unique number of data pairs and the number of selected pairs.
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Figure 5.26: Short-baseline configuration plots. The red triangle represents the original mother
SLC in the single-mother configuration. In all cases data gaps occur.
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Similar to the procedure taken for ALOS-2, a coherence matrix for a subset of Sentinel-1 track 127
data, spanning nearly six months in 2019, has been generated. The selected subset has not been
submitted to the selection procedure and intentionally contains a data gap, to allow for comparison
with increasing temporal baselines. As depicted in Figure 5.27, the outcomes indicate that while
the coherence remains relatively high for baselines shorter than a month, signal decorrelation occurs
even when the data pairs are relatively close to the diagonal. Namely, the effect is significant even
when the baseline extends to as much as two months, which corresponds to the minimum temporal
baseline for ALOS-2. Therefore, as could be expected from the difference in wavelength, Sentinel-
1 seems to be more sensitive to the temporal baseline. These findings provide insight into the
proportion of data pairs that remain following the selection procedure. Similar conclusions can
be drawn from Figure 5.28. In this figure, four interferogram are displayed with varying temporal
baselines, from twelve days up to approximately two months. Accordingly, these interferograms
exhibit varying noise levels. Both the original pixels and the multilooked results, with a window
of (3,11), are presented. After multilooking, the phase noise is notably decreased.
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Figure 5.27: Sentinel-1 t127 - (Geocoded) coherence matrix for a subset of 10 SLC’s in 2019.

Given this susceptibility of Sentinel-1 to decorrelation, as observed from the coherence maps, the
selection process yields a maximum baseline of approximately two months for track 127 as well
as for Saba track 164, and even less for St. Eustatius track 164. Owing to the abundant data
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availability and revisit frequency, the application of Sentinel-1 remains promising.

The coherence masks are generated using the same settings as for ALOS-2 and are displayed in
Figure 5.29 and Figure 5.30, for Saba and St. Eustatius respectively. In comparison to ALOS-2,
the substantial difference in coverage immediately stands out. While the flanks of Saba are overall
covered relatively well for Sentinel-1, the coverage for St. Eustatius is notably lower compared to
what was observed with ALOS-2.

Furthermore, while the difference in baseline is not particularly significant, the distinct variations
in coverage among the individual masks is notable. Additionally, a considerable number of isolated
pixels exist. Higher pixel density occurs around the outer flanks of Saba as well as certain regions in
St. Eustatius away from the volcanic region. In contrast, the number of isolated pixels in the single
mask approach are less pronounced. The single mask approach shows relatively good coverage of
the outer flanks on Saba. For St. Eustatius most of the selected pixels are located away from the
volcanic region, around urban area and low vegetation. However, the limited number of selected
pixels in the individual masks with larger baselines, indicate how many potentially unreliable points
might be included in the single mask approach.

20170730-20170823 I 20170730-20170904 I 20170730-20170916 I 20170811-20170823 H 3

Figure 5.28: Sentinel-1 t127 St. Eustatius - Original pixels compared to multilooked results.
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Figure 5.29: Single mask approach (left) compared to the individual masks for the largest temporal
baseline (middle) and smallest temporal baseline (right).
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Figure 5.30: Single mask approach (left) compared to the individual masks for the largest temporal
baseline (middle) and smallest temporal baseline (right).

Throughout the unwrapping process it was found that unwrapping errors did not only occur
using the individual masking approach without interpolation, but, in particular cases for Sentinel-
1, also with the single masking approach. This can be explained on account of the minimal
coverage, resulting in some limited connected components. Therefore a similar approach, i.e.,
nearest-neighbor interpolation, is applied to the single masked phase and coherence before the

phase unwrapping procedure. An example for such an unwrapping error in the individual masking
procedure, is visualized in Figure 5.31.
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Figure 5.31: Sentinel-1 - Wrapped phase result followed by the unwrapped phase results for the
masking approaches. The individual masking approach leads to inconsistent results on account of

areas with limited pixel connection. This is solved by applying a (nearest-neighbor) interpolation
before unwrapping (right).
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Final Results

The linear deformation estimates obtained for Sentinel-1 are presented in Figure 5.32 for Saba
and in Figure 5.33 for St. Eustatius, for both tracks. The same procedure and considerations as
described in the final results of ALOS-2 are taken into account. However, the results for Sentinel-1
do not include an unwrapping error correction, as the current procedure is confined to the epoch
with the highest error and more unwrapping errors are expected to occur. Given the assumption
that no deformation occurs, values near zero are expected with the spread in the results serving as
an indicator of precision. Nonetheless, it is important to highlight that the atmospheric component
and DEM errors influence the results.

The results reveal once again the importance of the masking approaches, showing unrealistic jumps
in the values. The same conclusions can be drawn when considering the residuals of the different
masking approaches in Figure 5.34. Specifically, as was found for ALOS-2, the residuals are
considerably higher for the approach without a mask, compared to the other approaches. Hence
the focus is on the two remaining masking approaches.

Generally an increased number of observations, assuming good data quality, can result in more
precise estimates. On account of the amount of data available for Sentinel-1, one of the prominent
differences is the lower variability in the linear deformation estimates overall. The variability is
described in terms of the standard deviation and is presented in Table 5.7, showing relatively low
variability in the mm scale per year. On average, the single masking approach seems to have
the lowest variability among the different approaches considered. However, when considering the
histograms and the deformation estimate maps, the individual masking approach seems to have
values closer to zero, showing a distinct central peak at zero in the histograms. In addition, overall
the individual masking results seem to exhibit a more homogeneous distribution of the values, also
indicated with the difference map in Figure 5.35b, while the single mask results show different
regions with changing patterns that are inconsistent among the masking approaches, as depicted
in the difference map in Figure 5.35a. More specifically, the histograms of the single masking
approaches are more skewed and, all in all, the central peaks in the histograms of the single
masking approaches are not centered at zero. This is especially apparent for Saba track 164 and
St. Eustatius path 127. This difference in the standard deviations can be explained on account
of the presence of outliers in the individual masking approach, similar to what was observed with
ALOS-2. In the worst case, observed for St. Eustatius track 164 in Figure 5.33b, these outliers
reach values exceeding a magnitude of 300 mm/year. These values seem to primarily occur at
isolated pixels near high slopes in the north of the island, showing high magnitude values as well
as near the summit of the volcano and are especially high for track 164. Looking at the standard
deviations of the individual masking approach for track 164, the values are considerably larger
than those for track 127.

The more heterogeneous patterns observed for the single masking approach may be partially
deemed unreliable based on the layover and shadowing effects. The sensitivity index is used
to interpret these patterns and is illustrated in Figure 4.8. i.e., for the ascending track 164, the
most northern part of the island is characterized by a steep slope. The slope facing the sensor
shows a change in values, compared to the other side, corresponding to a low sensitivity index in
Figure 4.8. This can be due to the fact that layover effects occur which can lead to the summation
of the reflections and thus unreliable results. The same occurs on the other side of the slope for
the descending track 127. Also, for track 127 a strong signal toward the northern flank behind the
volcano, shows similar high values and accordingly a low sensitivity index. Again, for track 164
the values on the west-south flank also correspond to a low sensitivity index. A similar, yet less
defined pattern can be observed for the individual masks. If these patterns are not taking into
account, the single masking and individual masking approaches appear to become more consistent.

One of these changing patterns in the single masking approaches, and to a lesser extent also in the
individual masking approach, are however visible in both tracks for Saba. The pattern is especially
evident for descending track 127, corresponding to a high sensitivity index at this location, and is
consistent with the results for ALOS-2. That is, a strong signal showing uplift appears at one of
the steep cliff located at the western part of the island. On June 9 2014 a landslide occurred at
this exact location. Although the available data does not start until later 2014 for both ALOS-2
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and Sentinel-1, the evolution in the years that followed is substantial. It should be noted that, on
account of the steepness, the layover effect can cause a combination of different reflections causing
this pattern for ALOS-2 p37 and Sentinel-1 track 164. However, the values have a significant
magnitude and the cliff is characterized by barren rocks and hence relatively high coherence.
Therefore, the values could possibly be influenced by this event.

Other patterns are likely on account of unwrapping errors. As mentioned earlier, the single masks
generated for Sentinel-1 exhibit considerably lower coverage than for ALOS-2. Despite this larger
coverage with ALOS-2, unwrapping errors were detected for the single mask approach. Therefore,
the same can be expected for Sentinel-1 with even less coverage, limiting the connectivity between
pixels in the spatial network. By considering the residuals of the single masking approach, for a
subset of St. Eustatius track 127 and Saba track 164 in Figure 5.34b and Figure 5.34e, it can
be observed that some erroneous patterns arise. Conversely, the residuals from the individual
masking approach in Figure 5.34c and Figure 5.34f, show values closer to zero with merely some
constant offset near the volcanic region for St. Eustatius in the first two examples. The generation
of difference maps between unwrapped data results, as done for ALOS-2, validate this hypothe-
sis. However, considering the number of data pairs for Sentinel-1 and that the residual testing
approaches are based on the data pair with the highest error, the correction of a single unwrapping
error in over 300 data pairs, will not be as effective as for the approximately 30 data pairs for
ALOS-2. This highlights the importance of the correction of unwrapping errors and indicates the
need for the expansion of the approaches to more than one data pair. Finally, some of the diverse
patterns may also result from geometric distortions depending on the track considered.

Overall, the different masking approaches give different outcomes for Sentinel-1. This indicates a
low level of robustness as well as low reliability. More consistent results are however expected after
expanding the unwrapping error correction procedure to all the erroneous epochs. More research
is needed to confirm this.

Water mask Single mask Individual masks

] t127 1.84 3.38 2.65

St. Bustatius ey 1.42 3.89 5.46
Sub t127 5.81 3.85 171
aba t164 179 311 5.50

Table 5.7: Sentinel-1 - Standard deviation of the linear deformation estimates in [mm/year].
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Figure 5.32: Sentinel-1 Saba- Linear deformation estimates for all masking approaches.
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Figure 5.33: Sentinel-1 St. Eustatius - Linear deformation estimates for all masking approaches.
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Figure 5.34: Sentinel-1 t127 St. Fustatius and t164 Saba - Residuals. For visualization purposes,
the residuals [rad] are divided by 27 to show the error as the integer number of full cycles. For both
islands, the water mask approach mainly shows noise. The single masking approach appears to
be more prone to unwrapping errors compared to the individual masking approach, which overall
shows residual values near zero.
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Figure 5.35: Difference maps of the linear velocity estimates between a) the single and individual
masking approaches of St. Eustatius t127 and b) the individual masking approaches for t127 and
t164. To enable the comparison for b), the geocoded results are used. Furthermore, since the
selected pixels from both paths occur at distinct locations, nearest neighbor interpolation of the
values of t164 to the nearest coordinates of t127 is performed. Figure a) reveals inconsistency
between the masking approaches, while for figure b) the majority of the pixels appear to have
values near zero indicating a higher level of consistency.

5.2.3 Data analysis

The geocoded results can be exported as GeoTIFFs and loaded into QGIS. This allows to inves-
tigate where certain pixels are selected depending on the wavelength used, particularly for which
land types, and to further inspect the occurrence of artifacts.

A frequently encountered problem involves the presence of pixels within the water. In several
cases, denoted by orange bounding boxes in Figure 5.36a and Figure 5.36b, this can be linked to
the presence of rock boulders in the water. However for St. Eustatius Path 37, depicted by red
bounding boxes in Figure 5.36a, pixels occur in the water along the entire western coastline. This
could partially be attributed to the occurrence of side lobes. The oil terminals in the northern region
of the island are very strong reflectors, as also shown on the mean reflection map (Figure 3.6a),
leading to high coherence. The side lobes will therefore also result in a high coherence and are thus
incorporated into the coherence-based water mask. However, this does not explain that this pattern
is observable along the entire western coastline. The red bounding box, depicted in Figure 5.36b,
presents another scenario where pixels are selected in the water along the western coast of Saba. In
this case the extent is confined to a steep cliff, marked in red. This cliff corresponds to the location
of the previously mentioned landslide in Section 5.2. Both this track, encompassing Saba, and St.
Eustatius Path 37 are ascending, thus the sensor is facing the slope, introducing layover effects. It
is possible that the layover effect may not be accurately handled within DORIS. There is no specific
functionality for layover, foreshortening and shadow in DORIS. Specifically, the DEM used for the
georeferencing may be misaligned, affecting the heights assigned to the steep slope. Alternatively,
the relatively simple bilinear interpolation used in DORIS may not account for the layover effect
properly. In addition, the northern part of St. Eustatius represents the oldest geological unit and
is primarily characterized by barren rocks, which are subject to erosion. There is a possibility that
the DEM is outdated and does not accurately reflect the significant changes caused by erosion.
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(b) ALOS-2 Saba Path 37.

Figure 5.36: Pixels occur in the water. In some cases, as indicated by the orange bounding box,
these can be explained by rocks in the water. In other cases, indicated with the red bounding box,
these pixels may be on account of the misaligned DEM used for the georeferencing in DORIS.

A striking difference in spatial pixel coverage can be observed between the ALOS-2 Path 37 result
in Figure 5.38a and the Sentinel-1 track 127 result in Figure 5.38b. ALOS-2 provides relatively
homogeneous coverage across the island of St. Eustatius, with the exception of the north-east part
of the flanks. The limited selection of pixels on this part of the flank, as indicated by the orange
bounding box in Figure 5.38a, is likely a result of radar shadow, following from the ascending
track. Conversely, the opposite side of the flank, depicted using a red bounding box in the same
figure, shows a lot more points. In contrast, for Sentinel-1 most pixels are selected around the
harbor, urban areas, denoted using an orange bounding box, and bare rock, denoted using a yellow
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bounding box in Figure 5.38b. The orange bounding box encompasses an urban area located at the
Kultuurvlakte. It can be observed that for Sentinel-1 the pixels are concentrated around houses
and open fields, e.g. the airport, but not in more vegetated terrain. When comparing this to the
yellow bounding box for ALOS-2 in Figure 5.38a, these vegetated areas are covered. Regarding
the flanks of the Quill, few pixels are selected for Sentinel-1, as shown by the red bounding box.
With the exception of the Sugar Loaf-White Wall complex as well as some urban areas and bare
fields.

When considering a smaller window for ALOS-2; as is done for Path 36 in Figure 5.37 using a
window size of 12:7, the coverage significantly increases. Radar shadow appears to occur in the
northern part of the island, as indicated with a red circle, but most of the island is covered. How-
ever, not all estimates are likely reliable on account of, e.g., geometric distortions. The southeast
flank of the Quill exhibits a low sensitivity index in Figure 4.8, thus raising concerns in regard
to its reliability. Furthermore, it should be noted that an increased number of isolated pixels are
present around the summit of the Quill, which should be corrected for. In addition, several outliers
appear to occur across the island.

Similarly, the results for Saba, specifically ALOS-2 Path 37 and Sentinel-1 track 164 are displayed
in Figure 5.39a and Figure 5.39b, respectively. Once again, concerning the coverage, the difference
between Sentinel-1 and ALOS-2 is significant. Additionally, as indicated by the red bounding
box in both figures, Sentinel-1 primarily captures bare rocks and urban areas, while ALOS-2 also
includes more vegetated areas. This pattern is also notable in the area enclosed by the orange
box. However, in contrast to what is observed for St. Eustatius, merely the outer flanks of Mt.
Scenery are covered for Saba, even in the case of ALOS-2. Some pixels are still present in ALOS-2
closer to the summit of Mt.Scenery, however these are sparse and hence unreliable. Finally, the
potential processing artifact characterized by sharp edges in the mask, as previously mentioned,
is illustrated using the yellow bounding box. It can be observed that this area is situated at the
airport and contains land types such as urban and low vegetation, which are expected to exhibit
high coherence. Moreover, for Sentinel-1, this sharp edge is not visible. Therefore, this indeed
appears to be a processing artifact.

17.52°N

Linear deformation
estimates [mm/year]

17.50°N

17.48°N

63.00°W 62.98°W 62.96°W

0 1.5 3 km

Figure 5.37: ALOS-2 St. Eustatius Path 36 - An artifact, likely due to radar shadow, is highlighted
in red. Most of the island is covered, however these may not all be reliable due to e.g., geometric
distortions.
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(b) Sentinel-1 St. Eustatius track 127.

Figure 5.38: Bounding boxes are used to highlight interesting features. In general, for ALOS-2
(top figure), nearly homogeneous coverage of St. Eustatius is achieved, except for the north-eastern
part of the flanks (orange box). For Sentinel-1 (bottom figure) the coverage is considerably less.
Most pixels are selected around the harbor, urban areas (orange box) and bare rock (yellow box).
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(b) Sentinel-1 Saba track 164.

Figure 5.39: Bounding boxes are used to highlight interesting features. ALOS-2 (top figure)
includes densely vegetated areas, while Sentinel-1 (bottom figure) mainly captures bare rocks and
urban areas (red and orange boxes). Furthermore, a processing artifact is visible for ALOS-2
(yellow box). In contrast to St. Eustatius, only the outer flanks of the volcano are covered.
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5.2.4 Quality Metric: Minimal Detectable Deformation

The minimal detectable deformation (MDD) serves as a quality metric for the detectability of
a specific deformation signal. It can be defined as the minimum (estimated) deformation signal
that can be detected and distinguished from noise for a pre-defined detectability power () and
significance level (o) (Chang et al., 2018). A rough approximation for the MDD (|V,|), assuming
an average redundancy (Teunissen, 1989), can be obtained by solving for

Ao 1/2
vl ()

where 0y, is the standard deviation, A\ the non centrality parameter, m the number of observations
and n the number of unknowns. The MDD is determined for the linear velocity estimates, such
that o,, can be approximated using the standard deviation following from the single and individual
masking approaches as presented in Table 5.2, Table 5.4 and Table 5.7. The average standard
deviations of the different tracks and single and individual masking approaches for Sentinel-1 and
ALOS-2 are considered for both islands. Furthermore, considering that the number of observations
m equals each of the pixels on the islands, the redundancy m—n is also significant, thus (m—n)/m =
1, and the equation can be simplified to

(5.2.1)

Vil & oy, (Ao)'/2. (5.2.2)
Finally, standard values for A\g for different values of «, v and the degrees of freedom ¢, are provided
by Teunissen (1989). For ¢ = 1, @ = 0.05 and v = 0.8, the value of A\g equals about 8. Using a
MATLAB function to obtain a more accurate estimation, yields a value of 7.8489. The resulting
values of the MDD are presented in Table 5.8. It can be observed that for the worst-case scenario,
the MDD equals about 1.5 cm/year.

Sentinel-1 ALOS-2
Saba St. Eustatius | Saba St. Eustatius
Standard deviation [mm/year| | 3.48 3.64 3.50 5.19
MDD [mm/year] 9.75 10.20 9.81 14.54

Table 5.8: The (average) standard deviations for the linear velocity estimates and corresponding
MDD for Sentinel-1 and ALOS-2 and both islands.

5.2.5 Concluding Remarks

The results reveal that for both Sentinel-1 and ALOS-2 mm order precision is achieved. Hence, as
outlined in Section 1.2, given that in the case of volcanic activity cm up to even dm-scale displace-
ments are expected, such changes should be visible in the deformation estimates. Sentinel-1 stands
out on account of its extensive data availability, resulting in over 300 selected data pairs that can
be used in the estimation of the deformation values. On the other hand, ALOS-2 compensates for
the sparse data availability through its wavelength, limiting decorrelation phenomena as a result of
the dynamic vegetation. This means that, even in densely vegetated areas, L-band can effectively
capture and monitor changes. The outcomes of ALOS-2 show promise for the implementation of
L-band monitoring, even with limited data availability and large temporal baselines. The spatial
coverage achieved using ALOS-2 is extensive, providing nearly homogeneous coverage of St. Eu-
statius, even on the flanks of the Quill, and on the outer flanks Mt. Scenery on Saba. However,
due to the low temporal resolution, the detection of fast surface deformation is challenging. The
upcoming NISAR mission will complement the current missions with a revisit time of twelve days,
providing continuous L-band imaging.

In regard to the masking approaches, it was found that without any land masking the results
seem more prone to unwrapping mistakes and the residuals are significantly higher. Furthermore,
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the central peak in the histograms did not seem centered around zero. Given the assumption of
no deformation, values near zero are expected and the spread in values serves as a measure of
precision. The single masking approach appeared to be more robust than the individual masking
approach, in particular on account of the lower variability as well as the susceptibility of the
individual masking approach to outliers. However, generally the deformation estimates for the
individual masking approach were closer to zero and the approach appeared to be less prone to
unwrapping errors. This was particularly evident for the Sentinel-1 results, in which the histogram
of the estimates following from the individual masking approach were centered closer to zero and
the residuals did not indicate any erroneous patterns. Overall, the findings reveal a relatively high
level of consistency (see Subsection 1.3) among the different masking approaches for ALOS-2. For
St. Eustatius, this was apparent after the correction of the unwrapping errors. In contrast, for
Sentinel-1 the level of consistency is considerably lower, which is likely mainly on account of the
unwrapping errors in the single masking approach.

Still, some challenges arise. The masks show some pixels in the water, which in most cases could
be explained by rock boulders in the water or on account of an outdated DEM considered in
DORIS. Furthermore, the results for Sentinel-1 indicate the presence of multiple unwrapping errors,
suggesting the need for the expansion of the adaptive method to more than one data pair. In
addition, an atmospheric correction and estimation of the DEM errors is desired to be able to draw
more definitive conclusions regarding the obtained values and, thus, improve data interpretation.
Moreover, a layover-shadow mask would be desirable to improve data interpretation.

5.3 PSI

In previous work (Korevaar, 2020) the DePSI software was already applied to the available data
sets. For Sentinel-1, not all data sets yielded a closed network, which is essential since the values
are relative to a specific spatial reference point. In other words, separate networks do not lead
to consistent results, resulting in the rejection of the data stacks from Saba track 164 and St.
Eustatius track 127 in this analysis. Hence, these will not be considered here. The key findings
derived from the PSI results are highlighted in this Section. For a more detailed analysis of the
PSI results, the reader is directed to the study by Korevaar (2020).

The DePSI post software is rerun to explore different filtering parameters. However, to indeed
minimize the number of PS in the water while maximizing the number of PS, the thresholds as set
by Korevaar (2020) have been considered here as well and are presented in Table 5.9. In addition,
considering that InSAR is a relative method, to allow for better comparison with the results from
SBAS, outlined in Section 5.2, the spatial reference point is adjusted in depsi_post.m to correspond
with the same location selected for SBAS. That is, near the airport at a location of high (temporal)
coherence, as can be observed in Figure 5.40. It should be noted that as the selected pixels for PSI
likely not correspond to those in SBAS, that this is approximate. The spatial reference pixel does
not only impact the deformation estimates, but also affects the temporal coherence estimates and
is therefore crucial to consider.

The results for Sentinel-1, i.e. the temporal coherence and the linear deformation estimates, are
displayed in Figure 5.41 and Figure 5.43 for Saba track 127 and St. Eustatius track 164. The
findings indicate a limited spread in the linear deformation estimates, especially for Saba (Fig-
ure 5.41). The linear deformation values for Saba appear to be relatively constant and, following
from the histogram, are approximately between -12 and 6 mm/year with a central peak around 0
mm /year. Generally, the majority of PS seem to occur in areas with limited vegetation such as in
the capital, the Bottom, and the northern region characterized by bare rocks. These regions are
also characterized by higher temporal coherence. The entire western coastline is not covered by
PS, possibly owing to vegetation and steep slopes. Furthermore, limited PS are detected around
the summit of Mt. Scenery. In regard to St. Eustatius, a similar pattern can be observed where
the PS mainly occur around the northern region of the island, characterized by bare rocks and
limited vegetation, as well as the Kultuurvlakte. The PS density is minimal on the flanks of the
Quill and are confined to the coast lines and the villages located on the northwestern part of the
flanks. In contrast, compared to Saba, the linear deformation indicates a larger variation across
the entire island. The higher magnitude values generally correspond to lower temporal coherence.
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The histogram indicates values between -40 and 20 mm /year, but the central peak is still centered
around 0 mm/year.

The results for ALOS-2 are visualized in Figure 5.42 and Figure 5.44 for Saba Path 37 and St.
Eustatius Path 36 and 37. The results reveal a more uniform spread of selected PS across St.
Eustatius for both paths. Overall, the number of selected PS is signficantly larger compared to
Sentinel-1 for both islands. However, a significant fraction of the selected PS are detected in the
water. For Saba, Mt. Scenery still shows limited PS on the summit. In regard to St. Eustatius, the
PS density is particularly limited on the eastern flank of the Quill for both paths. The temporal
coherence of Saba and St. Eustatius exhibits notably higher values than for Sentinel-1. This is
particularly evident near the coastlines of Saba and in the northern region of St. Eustatius, which
could be expected on account of the different wavelengths. The deformation estimates for Saba
are centered around 0 mm/year, as visible from the histogram in Figure 5.42, however indicate a
relatively high variability with values ranging between -80 to 60 mm/year. For St. Eustatius the
spread in values even ranges between -80 and 100 mm/year, as can be observed from the histograms
in Figure 5.44. These magnitudes are unrealistic. The high magnitude values are not constrained
to specific locations but rather occur across the islands, showing inconsistencies between e.g. the
St. Eustatius results from both paths. These values do show some correlation to the temporal
coherence, e.g. the northernmost region of Path 36 St. Eustatius (bottom panel in Figure 5.44)
shows an increase in linear deformation values corresponding to a decrease in temporal coherence.
However, this is not the case for all PS.

Temporal coherence Local temporal coherence STC

[-] -] [mm]
ALOS-2 0.6 0.6 10
Sentinel-1 0.4 0.4 10

Table 5.9: Filtering parameters considered in the DePSI post software.

Coherence [-]

Coherence [-]

Figure 5.40: Selection of a spatial reference point around the designated SBAS location, denoted
in radar coordinates and located at the bottom-left corner of the white box.
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Figure 5.41: Sentinel-1 track 127 Saba - PSI results temporal coherence (left) and linear deforma-
tion estimates (middle) with corresponding histogram (right).
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Figure 5.42: ALOS-2 Path 37 Saba - PSI results temporal coherence (left) and linear deformation
estimates (middle) with corresponding histogram (right).
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Figure 5.43: Sentinel-1 track 164 St. Eustatius - PSI results temporal coherence (left) and linear
deformation estimates (middle) with corresponding histogram (right).
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Figure 5.44: ALOS-2 Path 36 (bottom) and 37 (top) St. Eustatius - PSI results temporal coherence
(left) and linear deformation estimates (middle) with corresponding histogram (right).
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6 Discussion

6.1 SBAS results

In this section, some of the findings from the results presented in Section 5.2, are selected for closer
examination. Insights are offered regarding their significance as well as potential implications and
solutions.

The results obtained from SBAS demonstrate precision at the mm scale for both Sentinel-1 and
ALOS-2. This implies that in the event of volcanic activity, which is expected to induce surface
displacements ranging from cm up to even dm’s (Section 1.2), these changes will be visible in the
deformation estimates. However, it should be noted that early signs of volcanic activity may not
be as pronounced at the onset of the event. Consequently, these signal may not appear strongly in
the deformation estimates. Since early detection is crucial for providing timely warning to the local
authorities, the implementation of an atmospheric correction of the InSAR estimates is necessary.
Furthermore, if an anomaly is detected within the linear deformation estimates, it is essential to
consider the instantaneous velocities of the most recent epochs in the time-series.

Noteworthy findings emerge from the various masking approaches considered. The results from
ALOS-2 exhibit a relatively high level of consistency among the different masking approaches.
In regard to the St. Eustatius paths, this consistent pattern is acquired after implementation of
the unwrapping error correction. Therefore, it appears that the ALOS-2 results are independent
of the selected mask. In contrast, overall, the Sentinel-1 results give different outcomes. This
indicates a low level of robustness and low reliability. This is surprising considering the substantial
data availability of Sentinel-1. The individual masking approaches, aside from few larger outliers,
show a relatively small spread in values. In addition, the residuals are closer to zero than for the
single masking approach. The single masking approach results indicated the presence of several
unwrapping errors and therefore the individual masking results may be more reliable. Further
investigation is required however to draw more solid conclusions.

The different testing approaches showed significant improvements, for both the interferogram re-
moval and adaptive approaches, leading to a relatively high level of consistency in the ALOS-2
results. Due to the presence of numerous unwrapping errors that appeared in Sentinel-1, an ex-
pansion of the testing approach to correct multiple erroneous epochs rather than one is desired.
Hence, the approach should be extended with an iterative loop. The corrective method is preferred
on account of the direct comparison between the old and new residuals and because of the preser-
vation of the observations. However, the thresholds used to reject or re-sustain outlier candidates
differ among the approaches and resulted in the sustainment of more outlier candidates for the
approach based on the (temporary) removal of these outlier candidates. This could also mean
that the threshold for this approach is too low, compared to the corrective method. More research
regarding the appropriate thresholds is required, however due to the (overall) similar results, the
corrective method is preferable. In addition, the selection of a threshold for the identification of
the erroneous pattern is challenging. The implemented approach, explained in Section 4.1, does
show promising results. The majority of the erroneous patterns in both ALOS-2 paths for the
St. Eustatius have been successfully detected and corrected. Alternative approaches to set a more
optimal threshold, should however be explored to find a more robust approach. In addition, an
approach in which epochs with even a single outlier candidate are corrected.

6.2 Comparative analysis PSI and SBAS

An assessment of the most suitable method for InSAR-based volcanic monitoring on Saba and St.
Eustatius is performed, based on both a theoretical as well as a semi-quantifiable approach. In
the theoretical assessment, literature review is key. The limitations and strengths of both methods
are explored to be able to understand correspondence and declare differences in the results, in
terms of estimated deformation time series, obtained by the two methods. However, ultimately,
the suitability will depend on the specific characteristics and conditions of the study area. Ideally,
ground truth data, from the GNSS stations for instance, could be used to evaluate the accuracy of
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the deformation measurements. However, this is limited to four measurement locations per island.
Also, GNSS data shows that currently no ground-deformation occurs, which further complicates the
comparison due to the absence of a strongly variable signal. Alternatively, decorrelation phenomena
can be used as a measure of the quality of the InNSAR measurements. Both methods are susceptible
to decorrelation, however the extent to which the methods are affected can differ depending on the
conditions of the area. The coherence characterizes the extent of decorrelation phenomena. The
quantifiable comparison of the results will therefore be based on the precision of the displacement
time series, in terms of the temporal coherence. It should be noted that the results from both
approaches cannot be compared 1:1, since the atmospheric and height corrections have not been
applied to SBAS. This complicates the comparison process based on quantitative measures. A
more qualitative comparison is based on 1) the spatial distribution as well as density, 2) difficulties
encountered in the processing steps and 3) computational requirements. Concluding remarks are
then made regarding the (expected) ability to detect volcanic signals.

Literature review

The respective advantages and limitations of both methods, as found from literature, are sum-
marized. First of all, SBAS is characterized by its extensive spatial coverage, offering a distinct
advantage over PSI. While PSI typically provides high PS density in urban areas and bare rocks, its
coverage might be limited in more rural regions and on steep slopes where ground deformation can
also occur. Therefore, SBAS could be more useful for studying deformation over large regions and
for spatially correlated deformation signals i.e., part of an interconnected pattern. On the other
hand, following the multilooking step in SBAS, the spatial resolution is reduced and high-quality
signals may be lost. Given that PSI relies on individual pixels, rather than spatially correlated
pixels as in SBAS, it maximizes spatial resolution and minimizes signal loss (Xue Chen et al., 2020;
Yao et al., 2022). Hence, SBAS may be less suitable for detecting local deformations (Crosetto
et al., 2016), e.g., of a civil structure.

On account of the selection of single coherent pixels in PSI, the complete available interferomet-
ric stack is exploited (Ferretti et al., 2000). In other words, a so-called full network approach is
considered. This allows for extensive phase information and improved error estimation, such as
the atmospheric signal delay (Van Leijen, 2014). In contrast, the SBAS method is restricted by
the spatio-temporal baseline and could therefore result in less accurate estimation of atmospheric
errors (Li et al., 2022). Nonetheless, the combination of the baseline restriction and coherence-
based pixel selection procedure as well as the multilooking operation of the SBAS method, allow
for significantly limiting the decorrelation phenomena (Berardino et al., 2002). Therefore, com-
pared to the full network approach of PSI, SBAS is considered to perform well in the case of fast
decorrelated pixels (Izumi et al., 2022). PSI is more prone to the limitations in the ability to mea-
sure fast deformation phenomena, on account of the ambiguous nature of the phase observations.
In addition, the ability of PSI to detect a non-linear trend is highly dependent on the number
of SAR images in a stack (Xue Chen et al., 2020). However, typically multiple baseline subsets
are formed following the SBAS approach. As a result, rank deficiency problems arise during the
least-squares inversion procedure. To address this problem the SVD method can be used, although
its application can introduce large discontinuities (Berardino et al., 2002).

In terms of some of the processing steps, PSI generally demands a predefined deformation model
as input for resolving the phase ambiguities. If the deformation history is known, this can allow for
the identification of unreliable data. In addition, the PS density can be improved. If this is not the
case, a deformation model is assumed, which could contribute to model imperfections (unmodeled
deformation) if the deformation model is not representative of the true deformation in the specific
study area (Van Leijen, 2014). The selected model can dominate the time series patterns, which
is crucial to take into account during data interpretation (Crosetto et al., 2016). Conversely, there
is no need to assume a deformation model in SBAS. Furthermore, establishing a network in PSI
with adequate coverage over the study area is crucial to obtain consistent deformation estimates.
Regarding the multilooking procedure in SBAS, aside from the reduced spatial resolution and
less accurate position following from averaging the latitude and longitude over the same windows
as done for the multilooking procedure, a phase bias correlated with the temporal baseline is
introduced. On the contrary, PSI enables the identification of relatively stable scattering points
without the use of multilook processing.
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Spatial Coverage

SBAS is known for its extensive spatial coverage, however the extent of the coverage of both
methods is dependent on the study area as well as the coherence threshold used. Specifically, as
the coherence threshold increases, noise decreases, but this leads to a decrease in spatial coverage
and, potentially, the loss of valuable data, and is thus a trade-off. To compare this extent the
results of both methods are imported into QGIS. SBAS results are available in GeoTIFF format,
while PSI results are available in .csv format. The Sentinel-1 results are compared: track 164
for St. Eustatius Figure 6.1a, and track 127 for Saba Figure 6.1b. Since the individual masking
approach generally resulted in values closer to zero and less variability, with the exception of some
large outliers, the individual mask results are considered here. It is worth noting that for ALOS-2
the coverage is notably more extensive, as described in Section 5.2 but a constant shift in the
geocoded results obtained from DePSI for ALOS-2 data, make a comparison currently not feasible.
However, the number of selected pixels for all data sets, following from the different methods and
masking approaches, are included in Table 6.1.

In Figure 6.1a, a substantial contrast appears in the coverage achieved by SBAS in comparison to
PSI. It can be observed that on average the coverage acquired by SBAS is distributed among a
significant portion of the island. Nonetheless, the heavily vegetated areas have limited coverage,
as previously noted in the data analysis in Section 5.2, in comparison to ALOS-2. In contrast,
PSI primarily detects PS in urban areas and bare fields, resulting in concentrated PS clusters.
This pattern is especially prominent in the northern region of the island, characterized by erosion,
sparse vegetation and the oil terminal, evident on the complete map of St. Eustatius. A close
examination of the urban areas around the Kultuurvlakte, depicted by the yellow bounding box,
reveal a similar pattern. That is, PS density is significant near stationary structures such as
houses, while the fields surrounding such structures have limited PS coverage. Additionally, smooth
surfaces characterized by low reflectivity, like the airport runway included in the yellow bounding
box, show low PS density. Conversely, the SBAS pixels show relatively high and consistent coverage
over the fields, except for densely vegetated patches, as well as along the entirety of the airport
runway. Similarly, in the volcanic region marked by the orange bounding box, there is notable
PS density in the urban areas on the north-west and south-west flanks. However, the steeper
slopes, like the Sugar Loaf-White Wall complex as well as the progressively vegetated areas up
the slope of the Quill, primarily rely on SBAS for coverage. Depending on the type of volcanic
activity, various deformation patterns can emerge. Small-scale deformation at the summit or flank
of the volcano could occur prior to the onset of eruptive activity, therefore it is essential to have
coverage over these areas. However, when magma is accumulating, broader deformation could
extend from the flanks of the volcano up to the entire island. Another interesting finding arises in
the region designated by the green bounding box, i.e., a considerable number of PS appear in the
water. These could possibly be explained on account of a height estimation error, resulting in a
geolocation error.

For Saba, it is more challenging to acquire any coverage of the summit of Mt. Scenery, even with
SBAS, as evident from Figure 6.1b. Few isolated SBAS pixels are distributed around the summit,
but owing to the number of pixels, they seem unreliable. The coverage primarily occurs on the
outer flanks for both methods. As was observed for St. Eustatius, PSI predominantly exhibits
high PS density around urban area, as depicted with the yellow bounding box. From this region it
can be observed that even in the case of limited to no vegetation, the PS density is relatively low
on steeper slopes. Within the region bounded by the green box, it can be observed that although
the PS density is relatively high on specific parts of the weathered slopes, this is not the case
everywhere. i.e., inside the steep sided valleys (’guts’) running down the slopes of Mt.Scenery, the
density decreases. This could partially be on account of radar shadow, however in that case the
exact same pattern should be visible for SBAS, which is not the case everywhere. Furthermore,
at higher elevations on the slopes of Mt. Scenery, there is a significant drop in PS density in
comparison to the SBAS pixels. The distribution of both SBAS pixels and PS is denser and more
homogeneous towards the northern region of Saba, likely due to the bare cliffs. Another interesting
pattern is observed around the western coastline of Saba, indicated with an orange bounding box.
The entire coastline is covered by SBAS, while for a substantial portion of the cliff not a single PS
is detected.
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Figure 6.1: Geocoded PSI and SBAS results in QGIS. Bounding boxes are used to highlight
interesting features. The red pixels indicate the detected PS from the PSI method, the blue pixels
follow from the SBAS approach.

Hence, SBAS gives measurements where PSI does not, including large portions of the flanks of the
Quill, along the cliffs on Saba and the outer flanks of Mt. Scenery. For monitoring purposes as
much coverage as possible is desired, especially on the flanks of the volcano, such that no volcanic
deformation signal goes unnoticed in areas of low PS density. Given the especially challenging con-
ditions on these islands, deformation rates of steeper rural areas could hold important information
in times of volcanic unrest.

St. Eustatius Saba
Sentinel-1 ALOS-2 Sentinel-1 ALOS-2
track 164 path 36 path 37 track 127 path 37
ascending | ascending ascending | descending | ascending

PSI 2842 4262 7222 2249 2275
. SBAS 5226 29373 35377 3451 3093
single mask
. 4. .SBAS 8728 33218 42663 4532 3720
individual masks

Table 6.1: The number of selected PS and SBAS pixels (single and individual masks).

Processing steps

The processing steps for the SBAS and PSI approaches present a range of difficulties that vary
depending on the particular study area. The challenges encountered for Saba and St. Eustatius
are highlighted here.

One of the challenges faced for PSI involves the construction of a spatial network to connect
individual PS. This network is created using arcs, as described in Section 2.2.2, to establish a
spatial relationship among these PS. If a single network cannot be constructed, i.e. on account of
large distances between PS, this has implications for the deformation estimates. Specifically, in the
scenario of separate networks, each of these are relative to a distinct spatial reference, resulting in
inconsistencies that prevent meaningful comparisons. This issue was encountered in the analysis of
two Sentinel-1 data sets, yielding three separate networks, as presented in Figure 6.2: St. Eustatius
track 127 (top figure) and Saba track 164 (middle figure), leading to the rejection of the respective
data stacks. Furthermore, even when a single network can be established, the density of the
network is an essential factor to obtain a more redundant network and thereby increasing the
reliability of the estimates as well as improving the detection of unwrapping errors. In addition,
the coverage across the study area is important for the atmosphere estimate. The bottom figure in
Figure 6.2 illustrates the network for St. Eustatius track 164. While a single network was acquired,
the density and coverage are not optimal. The arcs are primarily concentrated in specific regions,
with sparse distribution in other parts of the island, i.e. the isolated PS on the south-eastern part
of the island. In addition, the urban area on the western flank of the Quill lacks arc connections.
Consequently, this could lead to difficulties in the phase unwrapping procedure, which will impact
the deformation estimates in those regions. In comparison, the SBAS approach relies on the spatial
relationship between the pixels, rather than looking at individual point scatterers, and hence does
not require such an approach. However, a comparable issue arises in the masking step. Due to large
distances between certain selected pixels in the masking procedure, similar to PSI, some pixels are
not connected within the spatial network. As a result, the phase values of these individual pixels
are not resolved correctly during the unwrapping procedure and thus yield unreliable deformation
estimates. This phenomenon typically occurs around incoherent regions which still contain some
coherent pixels, such as the summit of the volcanoes as shown in Figure 6.3 for St. Eustatius path
37. These isolated pixels are characterized by unrealistically high magnitude values and should be
removed. However, for SBAS, this problem does not complicate the construction of a network, nor
does it impact the reliability of an entire stack, as is the case with PSI. In addition, a relatively
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quick fix can be applied to solve for this problem, e.g. by using a moving filter based on the number
of neighbors in each window.

/\  Reference PS

Figure 6.2: Problems arise during the construction of a spatial network in PSI. In some cases
separate networks are obtained, leading to the rejection of these stacks (top and middle), or e.g.
the network coverage is sub-optimal (bottom), potentially leading to unwrapping errors.
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Figure 6.3: ALOS-2 St. Eustatius path 37 - Isolated pixels are typically found in incoherent
regions, e.g., the summit of the Quill. These are not properly linked in the unwrapping process
and are therefore unreliable.
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The multilooking step in the SBAS approach involves averaging the latitude and longitude coordi-
nates, corresponding to the radar coordinates, over the same window. This procedure affects the
accuracy of the geocoded location and the suitability of SBAS for detecting local deformations,
e.g., at the scale of individual buildings. However, in the context of volcanic monitoring, it is
also possible that deformation will extend across a significant area, rather than being confined to
a localized region. On the other hand, the multilooking procedure introduces a noise term that
is correlated with the temporal baseline. Since SBAS relies on selecting coherent interferograms,
typically characterized by minimal temporal and perpendicular baselines, the impact of this phase
bias should be taken into consideration. The effect of using different window sizes for multilooking
is demonstrated for the ALOS-2 path 37 data set for Saba in Figure 6.4. The results generally show
consistency, in terms of the observed patterns. Greater detail is captured with the smaller window
size due to the increased number of selected pixels. However, accordingly an increased number of
the previously mentioned isolated pixels occur around the summit of Mt. Scenery. While the PSI
method may not require the use of multilook processing given that individual pixels are consid-
ered, the spatial coverage obtained is limited, as discussed in the preceding step. In other words,
to facilitate the study of large-scale deformations, i.e., those occurring over a wide area, the use of
multilooking becomes necessary.
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Figure 6.4: ALOS-2 path 37 Saba - Linear deformation estimates using different window sizes for
multilooking: a larger one (24:14) resulting in less isolated pixels (left) and a smaller one (12:7)
showing greater detail but more isolated pixels (right).

Finally, PSI requires a predefined deformation model of the expected deformation. Due to the
uncertainty around the eruption history of both Saba and St. FEustatius, given that the last
recorded volcanic eruptions likely occurred around 1640 A.D. and 1755-1625 years B.P., it might
be difficult to model the deformation in case of unrest. i.e., a linear model is likely suitable for
dormant behavior, but it may fail to detect sudden uplift or subsidence during volcanic unrest.
Incorrect deformation modeling can affect volcanic risk assessment. That is, overestimation or
underestimation of the deformation could lead to incorrect conclusions. Particularly in the case
of underestimation, this can compromise the effectiveness of early warning systems and delay
evacuation. Additionally, during the spatial ambiguity resolution step, arcs are deemed unreliable
based on their temporal coherence. This can occur due to model imperfections, e.g. due to
unmodeled deformation, rather than noise levels, resulting in excluding these arcs (Van Leijen,
2014). One of the advantages of SBAS is that it does not require a deformation model as input.

Computational requirements

To facilitate automated InSAR volcano monitoring, it is essential to carefully assess the computa-
tional requirements. To ensure timely warning of local authorities in the event of volcanic activity,
the software must provide data within a reasonable time frame.

In general, PSI typically demands more storage considering that all available data is utilized.
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Although storage demands significantly decrease after the selection of PS, the analysis of individual
pixel time series can be quite time consuming as it involves more complex computations. In
contrast, SBAS requires fewer data selection steps compared to PSI and relies on multilooked
pixels, reducing computational complexity.

To improve the processing times involved, efforts to enhance the efficiency of both approaches
are necessary. Specifically, to increase the efficiency for SBAS, if feasible, the computations for
SBAS have been implemented for all pixels and/or time-dimensions in one go. Conversely, PSI
involves iterative procedures that cannot be circumvented as done for SBAS. Furthermore, in the
context of volcano monitoring, it may be critical to explore alternative ways for incorporating
new images, without a complete rerun. This is a trade-off between limiting processing time and
improving estimations. For instance, the atmospheric approximation differs when adding a new
image, which would make it desirable to rerun everything such that the atmospheric approximation
can be improved. Owing to the complexity of the analysis of individual pixels, it may be more
feasible to implement something like this for SBAS than for PSI.

Precision

The precision is assessed based on the temporal coherence, but to enable comparisons, additional
steps are required. PSI relies on individual point scatterers and, therefore, the quality descrip-
tion cannot be done based on spatial coherence like in SBAS. Instead, the temporal coherence is
considered. The temporal coherence could give an indication of how well the methods perform in
capturing the temporal variability of the scattering properties of pixels. To still be able to compare
between the two methods based on coherence, the same metric can be determined for SBAS. For
each pixel, with respect to the spatial reference pixel, a line is fitted through the deformation time
series to obtain the model phase. Using Equation 2.2.9, the temporal coherence can be obtained
for SBAS. It is important to highlight once again that exact one-to-one comparisons of the re-
sults are not possible This is because in the case of SBAS, e.g. the atmospheric signal delay and
height corrections have not been accounted for. This also has an effect on the temporal coherence,
introducing a distance dependency with respect to the reference PS. Furthermore, the temporal
coherence is not sensitive to unwrapping errors. To address this, additional metrics should be
considered, such as the standard deviation or the root mean square error. However, due to the
absence of an atmospheric correction in SBAS, these metrics are not suitable for comparing the
results for the different methods. Therefore, the primary focus lies on assessing the consistency of
the results.

The temporal coherence for the different data sets are presented in Figure 6.5 and Figure 6.6, for
St. Fustatius and Saba, respectively. Notably, the Sentinel-1 SBAS results exhibit remarkably
low temporal coherence, as can be observed from the lower right-most figures. Overall, Sentinel-
1 is expected to have a lower temporal coherence than ALOS-2 on account of the difference in
wavelengths. This is also apparent for the PSI Sentinel-1 results in the right most figure for both
islands in comparison to ALOS-2 results (first two columns). However, for SBAS these values are
exceptionally low, with most values below 0.4. This can likely be explained by the absence of
an atmospheric correction for SBAS, which is especially challenging for shorter wavelength, like
C-band, due to signal attenuation. Consequently, definitive conclusions in regard to the precision
should be drawn after applying an atmospheric correction. However, the distance dependency with
respect to the reference PS is evident in the Sentinel-1 results for both islands, with higher values
near the spatial reference pixel (lower right columns).

For ALOS-2, a generally consistent pattern emerges across the islands in both PSI and SBAS, as
well as in the different masking approaches. This is particularly evident for St. Eustatius, where
higher temporal coherence can predominantly be observed in the central region of the island, near
the Kultuurvlakte. This observation aligns with the expectations, on account of the low terrain
variability and limited vegetation of this area. In addition, the northern region of the island,
extending up to the harbor area, is characterized by high temporal coherence and shows homo-
geneity, especially in the individual masking results obtained from SBAS. This can be attributed
to factors such as the the bare bedrock in the north as well as the presence of oil terminals near the
harbor. Notably, especially path 36 yields high coherence values for both methods. In contrast,
the southern part of the island, near the Quill, reveals more variability in coherence values. This
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variability could be linked to the dynamic vegetation covering the Quill, which alters the scattering
properties. Depending on the specific path, certain sections of the flanks have lower values for PSI
as well SBAS, likely due to geometric distortions. The temporal coherence patterns observed for
SBAS seem to be consistent with PSI overall, with the exception of the area corresponding to
the Sugar Loaf-White Wall complex. As has been discussed in Section 5.2, this location displayed
a strong signal which may result from incorrect topographic phase removal in the pre-processing
steps.

Furthermore, the temporal coherence among the different methods and masks for Saba also shows
consistency (Figure 6.6). The temporal coherence is relatively high on the flanks of Mt. Scenery,
but decreases toward the summit in all cases. The cliff on the western coastline, exhibits somewhat
lower temporal coherence, potentially on account of the 2014 landslide, which has caused significant
terrain changes over the years. In addition, the steep gullies in the southern part of Saba also
display lower coherence values, in particular for SBAS. Conversely, the northern part of the island
is characterized by relatively high temporal coherence in all cases.
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Figure 6.5: Temporal coherence of St. Eustatius for the ALOS-2 (first two columns) and Sentinel-1
(last column) results of PSI (top panel) and SBAS for the single masking approach (middle panel)
and the individual masking approach (bottom panel).
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column) results of PSI (top panel) and SBAS for the single masking approach (middle panel) and
the individual masking approach (bottom panel).

Concluding remarks: final assessment

Assessing which method is better suited for capturing specific deformation patterns in the event of
volcanic activity for Saba and St. Eustatius remains complicated. From literature it is evident that
SBAS typically excels in capturing large-scale deformations and is particularly suitable for spatially
correlated deformation signals. Furthermore, the baseline restriction as well as the coherence-based
pixel selection approaches in SBAS allow for measuring fast deforming pixels. This is important as
rapid and substantial changes can occur close to the eruption event, making it essential to capture
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these changes. In contrast, PST enables the detection of small-scale (local) deformation because of
the 1D+2D unwrapping approach. This enables the identification of subtle, yet significant, surface
changes that might be indicative of volcanic activity. In addition, the full network approach of PSI
leads to improved error estimation, i.e. the atmospheric correction estimation. The presence of
an atmospheric phase component may significantly reduce the accuracy of a detected deformation
signal or, in the worst case scenario, mask the signal.

The results indicate promise for the SBAS method. The findings highlight a significant difference
in terms of the spatial coverage achieved by both methods. For monitoring purposes, coverage
of the summit and the flanks of the volcano is desired. In terms of St. Eustatius, the steeper
slopes of the Quill as well as the progressively vegetated areas up the slopes, primarily rely on
SBAS for coverage. The majority of PS are located around the northern region of St. Eustatius.
However, the Kultuurvlakte and smaller urban areas on the outer flanks of the Quill also show some
PS coverage. For Saba, it was challenging to acquire coverage near the summit of Mt. Scenery
following both methods. Any coverage is limited to the outer flanks of the volcano. However,
SBAS pixels are found at higher elevations on the slopes compared to the selected PS. The PS
are mainly selected along the coastlines, aside from the entire western coastline of Saba. Owing
to the single volcanic complex on Saba, even pixels along the coastline could experience volcanic
deformation prior to eruptive activity.

The different processing steps reveal some difficulties for both methods. For PSI, these are primarily
related to network problems. This caused the rejection of two complete Sentinel-1 stacks, while
these stacks have been successfully processed using SBAS. Furthermore, in some cases sub-optimal
coverage, i.e. due to large distances between selected PS, of the network occurred. This can lead
to unwrapping errors. Similar problems arise for SBAS on account of isolated pixels, particularly
around the summit of the volcanoes. These pixels are unreliable and should not be interpreted
as deformation. Another difficulty for SBAS is related to the multilooking step, introducing a
phase bias and affecting the detail captured by the method. However, to facilitate large-scale
deformation studies and still enable an efficient monitoring system, multilooking is a necessary
step. In regard to PSI, the need for a pre-defined deformation model of the expected deformation
is challenging. Incorrect deformation modeling can affect volcanic risk conclusions and is therefore
crucial to consider.

Finally, for the precision it is not possible to draw definitive conclusions due to presence of the
DEM error and atmospheric component for SBAS. For Sentinel-1, this resulted in very low temporal
coherence values. The temporal coherence for ALOS-2, showed a relatively high level of consistency
among the different methods and masking approaches. An atmospheric correction is required to
compare the methods based on the precision, and possibly accuracy.

Following from the literature as well as from the results, both methods have distinct advantages
and limitations. SBAS shows great promise, providing coverage where PSI does not. Furthermore,
the method can be made relatively efficient compared to PSI, which is an important factor to be
able to provide near-real time monitoring. However, PSI offers capabilities for detecting small-scale
deformations. Given the uncertainty around the expected deformation pattern, a hybrid approach
may be beneficial to exploit the strengths of both methods, such that the limitations of one can
be compensated by the other. In this way signal loss, e.g., either from limited spatial coverage or
from limited spatial resolution (due to multilooking), can be minimized.
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7 Conclusions & Recommendations

In this study, the primary aim is to address the following fundamental question:

Is the SBAS approach a viable technique
for an InSAR-based volcanic monitoring system
on the tropical islands of Saba and St. Eustatius?

The results reveal that, yes, there is capability to develop SBAS into a volcanic monitoring tool
on these islands, but more development is needed to achieve that goal. It excels in terms of the
extensive spatial coverage as well as computational efficiency and, generally, shows consistency
among different masking approaches based on the observed patterns, trends and difference maps.
Both Sentinel-1 and ALOS-2 can effectively be used for monitoring purposes, overall demonstrating
precision at the mm scale. This implies that in the event of volcanic activity, which is expected to
induce surface displacements ranging from cm up to even dm’s, these changes will be visible in the
deformation estimates, with the minimal detectable deformation (MDD) signal estimated at about
1.5 cm/year in the worst-case scenario. L-band imagery proves to be particularly suitable for the
tropical conditions of the study area i.e., dense rainforests, on account of its longer wavelength
providing higher coherence in comparison to C-band even for larger temporal baselines. C-band
remains promising owing to the abundant data availability and revisit frequency. However, as
early signs of volcanic activity may be subtle, these signals might be below the detection limit.
Early detection is essential to guarantee timely warning of the local authorities, therefore it is
crucial to apply corrections for both atmospheric and DEM components to effectively lower the
detection limit. Additionally, depending on the smoothness of the deformation signal, a certain
spatial sampling may be necessary. For a spatially smooth signal, coarse spatial sampling may
suffice to detect the signal, while fine spatial sampling is necessary for more abrupt signals.

To offer additional insight into the main findings, the sub-questions are addressed accordingly:

What is the procedure involved in the implementation of the SBAS time series soft-
ware and which steps can be improved to enhance the efficiency and robustness of
SBAS with respect to the standard approach?

The SBAS approach is developed in accordance with the DORIS output, based on state-of-the-art
Python packages such as XARRAY, DASK and ZARR. Furthermore, the SARXARRAY package extends
the functionality of these tools for (In)SAR processing. In addition, efficient workflow strategies
e.g., minimizing the use of iterative approaches, are explored to reduce computational costs. The
processing chain consists of nine main steps. In steps 2) interferometric pair selection, 5) masking
and 8) correction unwrapping errors, new approaches are explored to enhance the SBAS method
in terms of the efficiency and/or robustness.

Specifically, to improve the computational efficiency a model-based pair selection approach, cali-
brated using average coherence values, is implemented in step 2). Furthermore, in step 5), three
different masking approaches are generated using the coherence to improve the robustness. These
approaches include a i) water mask, ii) single mask based on mean coherence and iii) individual
masks based on the coherence for every interferometric pair. Approach iii) enables the use of tem-
porary scatterers, but, in turn, demands an iterative and hence more time-consuming approach
for the linear inversion step. To improve the efficiency, an efficient inversion scheme that involves
clustering unique design matrices is implemented, which reduced the computation time from 18.82
to 0.23 s. Findings suggest that results using approach i) seem more prone to unwrapping mis-
takes, possibly due to the inclusion of regions of low coherence, and, particularly in the case of the
typically lower coherence achieved with Sentinel-1, primarily represent noise.

To investigate the results, an assumption is made based on the GNSS data, i.e., that currently
no deformation occurs. Thus, estimated velocity values near zero are expected and therefore the
standard deviation serves as a measure of the variability around zero and gives an indication of the
precision. It is emphasized that the results are relative to the selected reference pixel and, as such,
cannot be interpreted in absolute terms. In addition, phase contributions from the DEM error and
atmospheric component are still included and demand careful consideration when interpreting the
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data. All in all, the findings demonstrate a relatively high level of consistency among the different
masking approaches for ALOS-2, based on the observed patterns and difference maps. In the case
of St. Eustatius, this consistency became evident following the correction of the unwrapping errors
in step 8) through two distinct testing procedures: an interferogram removal approach, similar to
Monserrat et al. (2009), and an adaptive approach based on the Delft Detection, Identification,
Adaptation (DIA) procedure (Teunissen, 1990). This step not only improves the robustness, but
also the overall reliability of the results. Both approaches show improvements in terms of the
consistency between velocity estimates from the different masking approaches and the differences
are minimal. Therefore the adaptive approach is preferred as it retains all observations and allows
for comparison between the updated and original residuals. Conversely, for Sentinel-1 the level
of consistency is lower. It is suspected that this inconsistency arises primarily on account of
the numerous unwrapping errors found for the single masking approach. Hence, Sentinel-1 is
still expected to be suitable for monitoring. This stresses the importance of the correction of
unwrapping errors and indicates the need for the expansion of the approaches to more than one
epoch. Approach ii) appeared to be more robust when compared to approach iii), in particular due
to its lower variability as well as its reduced susceptibility to outliers. Nonetheless, the individual
masking approach typically yields velocity estimates closer to zero and appears to be less prone to
unwrapping errors. Further investigation, following the correction of the atmospheric component
and DEM errors, may offer insights into the preferred masking approach.

How can the obtained results from the SBAS and PSI method be compared?

A preliminary comparison is performed based on a theoretical approach and a semi-quantitative
approach, addressing 1) spatial coverage, 2) difficulties encountered in the processing steps, 3)
computational requirements and 4) precision. In the theoretical approach, literature review plays
a central role to evaluate the limitations and strengths of both methods. However, ultimately, the
suitability depends on the specific application, i.e. the conditions of the study area. Ideally, ground
truth data from the GNSS stations could be used to evaluate the accuracy of the deformation
estimates. However, this is limited to four measurement locations per island, and the GNSS data
indicates that currently no deformation occurs, adding complexity to the comparison based on
quantitative measures. In addition, as the SBAS results still include the atmospheric and DEM
component, the methods cannot be compared 1:1.

What are the advantages, limitations and sources of error associated with the PSI
and SBAS approaches in the area of interest?

SBAS excels in applications that require extensive spatial coverage and is typically suitable for
capturing spatially correlated deformation signals. PSI excels in applications where high spatial
resolution is required and enables the detection of small-scale displacement e.g., up to a single
building, owing to the 1D+2D unwrapping. In addition, the full-network approach in PSI allows
for extensive phase information and improved error estimation, while the baseline restrictions in
SBAS allows for measuring fast deforming pixels.

How do PSI and SBAS compare in their ability to detect potential volcanic deforma-
tion signals on the islands of Saba and St. Eustatius?

In regard to the semi-quantifiable approach, SBAS offers superior spatial coverage, especially on the
crater and flanks of the Quill on St. Eustatius and the outer flanks and western coastline of Saba.
Furthermore, both methods face processing challenges. The multilooking step in SBAS introduces
a phase bias but is necessary for large-scale deformation studies. PSI demands a pre-defined
deformation model, where incorrect deformation modeling can affect volcanic risk assessment,
especially in the case of underestimation of the deformation. In both methods network problems
can occur. In the case of PSI this even led to rejection of two Sentinel-1 stacks, for SBAS the
impact is less significant.

Assessing the suitability of the methods for detecting volcanic deformation signals in the event of
volcanic activity on Saba and St. Eustatius remains complicated. Given the uncertainty around
the expected deformation pattern, a hybrid approach may prove advantageous to minimize signal
loss. In this way the strengths of both methods can be used, such that the limitations of one
method are compensated by the other method. It should be noted however that, regardless of
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the chosen mask, wavelength or method, acquiring coverage around the summit of Mt. Scenery
on Saba remains challenging. In addition, the presence of the DEM and atmospheric component
in the final results complicates the comparison based on the precision for Sentinel-1. Overall, the
temporal coherence for ALOS-2 showed a similar pattern for both methods as well as the masking
approaches. However, to provide a 1:1 comparison of the precision and possibly accuracy, more
research is required after the correction.

What is the added value of the SAR L-band imaging in the volcanic monitoring
system?

The use of L-band imagery has proven to show promise in capturing and monitoring changes,
even with the limited ALOS-2 data availability and significant time intervals between acquisitions.
L-band offers coverage in areas where C-band cannot, including densely vegetated regions and on
relatively steep slopes. It achieves nearly homogeneous coverage of St. Eustatius, encompassing
significant portions of the Quill’s flanks, and the outer flanks of Mt. Scenery on Saba. However, the
limited temporal resolution of ALOS-2 reduces its ability to detect fast surface deformation. Nev-
ertheless, the upcoming NISAR mission will enhance current capabilities by providing continuous
L-band imaging with a revisit time of twelve days.

In summary, the results obtained through SBAS demonstrate promise, particularly for L-band. A
comparison with the PSI approach suggests that a hybrid method could be beneficial to enhance
understanding of volcanic deformation, also taking into account the unknown future deformation
pattern caused by potential volcanic activity on Saba and St. Eustatius. However, there is room
for improvement. Future work should focus on incorporating atmospheric and DEM corrections
into the SBAS approach, to further compare the different masking approaches, investigate the
precision and improve the detection of early signs of volcanic activity. Furthermore, the unwrapping
errors for Sentinel-1 need to be accounted for. Finally, while the preliminary comparative analysis
indicates distinct advantages and limitations for both methods, additional research is required to
draw definitive conclusions i.e., regarding the precision.

7.1 Contributions

This research led to the following contributions:

e The implementation of an SBAS approach using state-of-the-art Python libraries (e.g.,
(SAR)XARRAY, DASK, ZARR) and efficient workflows for big data analysis.

e The evaluation of three different interferometric pair selection approaches, with considera-
tions for computational efficiency and satellite revisit times.

e The implementation and evaluation of three different coherence-based masking approaches.

e The implementation of an efficient inversion scheme in the case of the individual masking
approach, allowing for the use of temporary scatterers.

e The design and implementation of a phase unwrapping error detection approach for SBAS
based on the Delft Detection, Identification, Adaptation (DIA) methodology.

e A preliminary comparative analysis between the SBAS and PSI methodologies for volcanic
monitoring on Saba and St. Eustatius, based on a theoretical and semi-quantifiable approach.

7.2 Recommendations

Recommendations are given based on the remaining key challenges addressed throughout this
study:

e It can be challenging to distinguish the atmospheric effect and DEM errors from the defor-
mation signal. To allow for timely warning of the local authorities in case of volcanic activity,
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it is crucial to effectively pick up on more subtle surface deformations that may precede a
volcanic eruption. Therefore, it is essential to incorporate atmospheric and DEM corrections
into the SBAS approach.

In study areas characterized by terrain variability, layover and shadowing effects are intro-
duced. Consequently, geometric distortion effects occur. To improve data interpretation, a
layover-shadow mask would be desirable, such that unreliable regions can be masked.

There is no specific functionality for layover, foreshortening and radar shadow in DORIS.
This could lead to misalignment of the DEM. When dealing with conditions similar to those
on Saba and St. Eustatius, this effect can be significant e.g., as indicated by the presence
of pixels in the water near steep cliffs for both islands. Therefore, it is recommended to
implement this functionality in DORIS.

The implemented adaptive method for unwrapping errors in SBAS should be expanded to
multiple epochs to account for the numerous unwrapping errors in e.g., Sentinel-1. Further-
more, to improve the robustness of the detection of unwrapping errors in SBAS, alternative
approaches should be explored, i.e. based on residual peak detection. However, this is
challenging due to the multilooking effect.

Regarding the pair selection approach based on a modeled coherence, a more complex relation
can be considered. Specifically, a linear behaviour may not be representative everywhere on
the island, e.g., where vegetation cover is dense. Therefore, depending on the location, a
different relation can be considered. For example, a quadratic relation could be considered
where vegetation cover is high, while linear behaviour might be more representative of bare
rocks.

Isolated pixels remain after the masking approaches in SBAS. These pixels are often located
around regions characterized by low coherence, such as the summit of the volcano. They are
not included in the spatial network, leading to unwrapping errors. and are therefore deemed
unreliable and should be removed. This could for instance be done by a filter based on the
number of neighbours of each pixel.

Study the SAOCOM data as an additional source of L-band data. Temporal coverage is
critical to consider for monitoring purposes. Currently, with the available ALOS-2, it is
not possible to detect fast surface deformation. However, the upcoming NISAR, mission will
provide continuous L-band data, with a revisit time of twelve days, and could be used to
extend the monitoring network.

To realize an automatized multi-technique InSAR-based volcanic monitoring system, aside
from the processing steps, improvements in terms of the automatizing of the system and the
integration with the current volcanic monitoring system on the islands are required. Ad-
ditional features e.g., to be able to select a desired subset from the larger swaths through
drawing a polygon in Google Earth, would improve the automation. In terms of integration,
the InSAR-based volcanic monitoring system is an addition to the existing ground monitoring
system, comprising of broadband seismometers, continuous GNSS stations and, on Saba, a
temperature sensor. Integration with GNSS could be useful, in the case a deformation signal
spatially exceeds the size of the island. In addition, an indispensable part of a (volcanic)
monitoring system comprises a dashboard to present the results to the end user in an under-
standable manner. The design of such a dashboard requires consideration regarding the tools
needed, target audience, desired technical aspects and combination of different techniques.
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8 Appendix

In this section, the complete sets of individual masks for ALOS-2 Path 37 are presented. Due
to the sizes of the figures, they are displayed on the following pages. The results for Path 37 of
both St. Eustatius and Saba are visualized in Figure 8.1 and Figure 8.2. The interferogram pair
selection procedure resulted in 29 interferograms.
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Figure 8.1: ALOS-2 Path 37 St. Eustatius - The complete set of individual masks. The masks are
binary and either has a value of 0 or 1.
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Figure 8.2: ALOS-2 Saba Path 37 - The complete set of individual masks. The masks are binary
and either has a value of 0 or 1.
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