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Abstract

Application of InSAR Analysis to Earthquake-Induced Liquefaction Observations

by

Hanze Yao

Doctor of Philosophy in Engineering - Civil and Environmental Engineering

University of California, Berkeley

Professor Robert Kayen, Co-chair

Professor Nicholas Sitar, Co-chair

Liquefaction mapping currently relies on visual analysis of satellite and aerial images that
covers the area of interest. Sand boils, lateral spreading and ground settlement are com-
mon evidences that researchers look for when identifying liquefaction damaged areas after
an earthquake. However, this method can be unreliable. For example, irrelevant objects on
images like burnt rice stalks in agricultural field can be misclassified as sand boils. Interfer-
ometric Synthetic Aperture Radar (InSAR), as a remote sensing technique, is widely used
for characterizing ground displacement with high resolution and accuracy. With the increas-
ing availability of free InSAR data sets and the short return period of modern satellites,
co-seismic InSAR analysis becomes possible shortly after the occurrence of an earthquake.
Therefore, InSAR is well suited for analyzing lateral and vertical displacement caused by
liquefaction and works as a reference for field reconnaissance teams. In this thesis three
earthquake case histories with significant liquefaction damage, specifically the 2010-2011
Canterbury Earthquake Sequence including 2010 Darfield Earthquake and 2011 Christchurch
Earthquake, the 2016 Kumamoto Earthquake and the 2018 Hokkaido Eastern Iburi Earth-
quake are analyzed with four different InSAR methods: differential InSAR analysis, persis-
tent scatter time series analysis, coherence-based method and pixel (dense) offset analysis.
The co-seismic displacement results are converted into vertical and horizontal displacements
to compare with field observations from reconnaissances right after these earthquakes. After
comparing the effectiveness of the different methods and different satellites at each site, an
InSAR workflow for analysing earthquake-induced liquefaction observations is presented.
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Chapter 1

Introduction

1.1 Overview

Liquefaction is one of the most important, interesting, and complex topics in geotechnical
earthquake engineering [45]. Liquefaction hazards drew the attention of researchers after the
Alaska (Mw = 9.2) and Niigata (Mw = 7.5) earthquakes in 1964. The generation of excess
pore pressure under undrained loading conditions is a hallmark of all liquefaction phenom-
ena. When loose cohesionless soils are saturated, rapid loading occurs under undrained
conditions, so the tendency for densification causes excess pore pressures to increase and
effective stresses to decrease. Liquefaction phenomena that results from this process can
be divided into two main groups: flow liquefaction and cyclic mobility. In the field, flow
liquefaction occurs much less frequently than cyclic mobility but its effects are usually far
more severe. Cyclic mobility, on the other hand, can occur under a much broader range
of soil and site conditions than flow liquefaction; its effects can range from insignificant to
highly damaging [45]. Since liquefaction tends to happen at locations that liquefied in the
past earthquakes, liquefaction mapping is crucial to earthquake case studies. Currently,
satellite and aerial images are widely used for characterizing liquefied areas ahead of field
reconnaissances. However, this method can lead to overestimation of liquefaction damage.
One example was presented by Anderson et al. 2016 [1] from the 2016 Kumamoto, Japan
earthquake showed that bundles and burnt rice stalks on satellite images were misidentified
as sand boils by many researchers. Therefore, more accurate remote sensing techniques are
needed for liquefaction characterization to provide the field reconnaissance teams with better
references and potentially reduce their exposure to post seismic hazards.

Synthetic Aperture Radar (SAR) was invented in 1952 to overcome the resolution issue in
along-track (azimuth) direction of existing Side-looking Airborne Radar (SLAR) technology
[21, 68]. Interferometric Synthetic Aperture Radar (InSAR) has been developed into an
advanced remote sensing technique since it was first introduced by Graham in 1974 [28]. The
first InSAR applications to terrains date back to late 1980s [25, 76]. InSAR can reveal ground
deformation to centimeter level accuracy (even millimeter level accuracy for some of the
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InSAR analysis methods) by isolating the phase difference caused by ground displacements
from an interferogram formed by a pair of coregistered SAR images and transforming it
into displacement with the radar wavelength. The shorter return period of modern InSAR
satellites, like ALOS-2 (14 days) and Sentinel-1 (12 days, 6 days if using Sentinel-1A and B
at the same time), makes co-seismic InSAR analysis possible shortly after the earthquake.
With an easier access to InSAR data sets with better quality and coverage, InSAR has
become an excellent remote sensing technique for liquefaction mapping.

To compare the effectiveness of the different InSAR analysis methods for earthquake
induced liquefaction observations, three case histories (2010∼2011 Canterbury, 2016 Ku-
mamoto and 2018 Hokkaido) were selected for this research. The selection is based on
the extent of liquefaction damage and the availability of InSAR data sets. 2010-2011 Can-
terbury earthquake sequence contains two major earthquakes: 2010 Darfield earthquake
and 2011 Christchurch earthquake. There is well documented liquefaction damage for both
earthquakes. ALOS-1 (launched by JAXA) L-band data set is available for both earth-
quake events. Thus, the comparison between the damage in the city of Christchurch, New
Zealand, from the two earthquakes is highly suitable for investigation with InSAR. The 2016
Kumamoto earthquake provides a great opportunity to compare the results from different
satellites with different radar wavelength (L-band ALOS-2 and C-band Sentinel-1). The
large horizontal displacements and settlements in Aso Valley caused by liquefaction fit the
purpose of this research perfectly. The 2018 Hokkaido earthquake is an excellent case history
to test different InSAR analysis methods with only free C-band Sentinel-1 data set because
most of the documented displacements caused by liquefaction are within decimeter level.
Unfortunately, this research project does not have access to the ALOS-2 data set for this
case study. Two earthquakes with significant liquefaction damage: 2011 Tohuku earthquake
and 2018 Palu earthquake are not a part of this research for the following reasons. Although
the liquefaction damage caused by 2011 Tohuku earthquake in Urayasu City is well docu-
mented [11, 37], this research project did not have access to the ALOS-1 data set for this
case and the free Envisat data set does not have coverage for Urayasu City. In the second
case, the liquefaction caused displacements in the 2018 Palu earthquake are very large and
chaotic due to poor ground conditions [47, 65]. As a result, the C-band Sentinel-1 data set
is discorrelated and the L-band ALOS-2 data set can only reveal the displacement of the
ruptured fault [16, 57, 63].

1.2 Objectives

This research aims to construct the optimum InSAR workflow for earthquake induced lique-
faction analysis. It focuses on the following key objectives:

• Analyse available InSAR data sets with different methods.

• Compare the InSAR analysis results with documented field observations.
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• Discuss the advantages and disadvantages of different methods.

• Construct the InSAR workflow based on different site characteristics.

1.3 Outline

The four different InSAR analysis methods used in this research: conventional differential
InSAR (DInSAR), persistent scatter time-series analysis, coherence-change method and pixel
(dense) offset are introduced in Chapter 2 together with the most important error correction:
atmospheric phase correction.

Chapter 3, Chapter 4 and Chapter 5 cover the three case studies respectively. Each case
study includes site geology, comparison between InSAR analysis results and field observa-
tions, discussion on the effectiveness of different methods.

Chapter 6 summarizes the discussion in the previous three chapters and presents the
InSAR workflow for earthquake induced liquefaction analysis. Finally, based on the findings
in this research and the recent InSAR research progress, future work on potential areas is
discussed.

The detailed steps of the InSAR workflow presented in Chapter 6, the scripts that are
used, and the steps for solving some of the common issues are included in Appendix A.
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Chapter 2

Methodology

The invention of Radio Detection and Ranging, or radar, as a concept for detecting and
localizing objects in a three-dimensional space dates back to the turn of 20th century. Once
invented, radar technology developed rapidly during World War II era, motivated mostly by
air defense and over-the-horizon surveillance considerations. By the early 1940s, radars had
become small enough to be implemented on airplanes, expanding the application realm of
radar systems into a range of new fields, including the growing discipline of Earth observation
[21].

Synthetic Aperture Radar (SAR) was invented by Carl Wiley, an engineering with the
Goodyear Aircraft Cooperation, in 1952. He discovered that a sequence of acquisitions
made with a shorter antenna along the flight path of the radar sensor can create a much
longer effective antenna, which can significantly increase the resolution of the radar image.
Interferometric Synthetic Aperture Radar (InSAR) is a remote sensing technology developed
based on the SAR sensing technique. When the radar sensor makes radar acquisitions
over the same area of interest at two different times, a phase difference will generate if the
microwave travels different distance to get back to the radar sensor. Such phase difference
can be caused by different factors, like ground displacement, atmosphere etc. The key to
InSAR is to isolate the phase difference caused by the ground displacement, which will be
discussed in detail in this chapter.

2.1 InSAR analysis methods used in this research

In this section, the four InSAR analysis methods used in this research are introduced.

Differential InSAR (DInSAR)

DInSAR is a conventional InSAR analysis method. It was first introduced by Gabriel et al.
in 1989 [24]. The interferometric phase (∆ϕ) of an InSAR interferogram formed by two SAR
acquisitions at different times over the same area contains the following components:
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∆ϕ = ∆ϕdisplacement +∆ϕgeometry +∆ϕatmosphere +∆ϕnoise (2.1)

• ∆ϕdisplacement : phase due to ground displacement

• ∆ϕgeometry : geometrical phase (e.g. topography, earth curvature)

• ∆ϕatmosphere : atmospheric phase delay (ionospheric and tropospheric phase delay)

• ∆ϕnoise : phase due to other noise

The phase due to ground displacement ∆ϕdisplacement here is a modulo of 2π, which
is called the wrapped phase. It needs to be unwrapped before being used to reveal the
ground displacement. Goldstein et al. first discussed two-dimensional phase unwrapping in
1988 [26]. The widely used Statistical-cost, Network-flow Algorithm for Phase Unwrapping
(SNAPHU) today was proposed and implemented by Chen and Zebker in the early 2000s
[8, 9, 10]. Because the radar beam starts from the satellite, bounces back on the ground
and then travels back to the satellite, one radar wavelength of displacement on the ground
in the line-of-sight (LOS) direction is equivalent to 4π of phase change which is represented
by two-cycle of color fringes on the interferogram.

To isolate ∆ϕdisplacement, other phase components need to be estimated and subtracted
from interferometric phase ∆ϕ. The geometrical phase ∆ϕgeometry can be estimated with
the digital elevation model (DEM) from SRTM and the precise orbit data of the satellite.
The methods to correct ∆ϕatmosphere are introduced in Section 2.2. The phase due to noise
∆ϕnoise is considered as irreducible error. Whether it is reasonable to ignore ∆ϕnoise depends
on the requirements of the project.

Data sets from two different SAR acquisition modes are used in this research: stripmap
mode and TOPS mode. In conventional stripmap mode, the radar antenna is fixed to a
specific direction, illuminating a single swath of the scene with a fixed squint angle (the
angle between radar beam and the cross-track direction). The stripmap mode has been used
by several SAR missions: Envisat, ERS, ALOS-1, TerraSAR-X etc. TOPS stands for Terrain
Observation with Progressive Scans. In TOPS mode, the radar sensor steers the antenna
from a backward along-track direction to a forward along-track direction for a subswath.
After a successful scan at this subswath, the antenna is rolled back to its initial position and
pointed to a new subswath to increase coverage. After the same scan process is done for
three subswaths, the entire scanning process is repeated. Each scan at a subswath is called a
”burst”. Within each subswath, there is a small overlap between successive bursts to ensure
continuous coverage. The Sentinel-1 launched by ESA in 2014 is a typical SAR mission in
TOPS mode. The SAR data sets used in this research are summarized in Table 2.1.

The DInSAR analysis of this research was performed in the InSAR Scientific Computing
Environment (ISCE) created by Rosen et al. [53, 52, 54].

1The operating acquisition mode of ALOS-2 is ScanSAR. But it is acquiring stripmap data in certain
areas. The ALOS-2 data set used in this research was acquired in stripmap mode.
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Figure 2.1: Stripmap and TOPS acquisition mode [17]

Name Time Acquisition mode Radar band Wavelength (cm)
ALOS-1 2006 to 2011 stripmap L-band 22.9
Sentinel-1 2014 to present TOPS C-band 5.6
ALOS-2 2014 to present ScanSAR1, stripmap L-band 22.9

Table 2.1: SAR data sets used in this research

Persistent Scatterer, time-series Analysis (PSInSAR)

Persistent Scatterer InSAR is an extension to the conventional InSAR techniques (DInSAR),
which addresses the problems of decorrelation and atmospheric delay [34]. The first PS
algorithm was created by Ferretti et al. [18, 19]. The strategy to select PS candidates of
this algorithm is based on the amplitude dispersion DA:

DA =
σA

mA

(2.2)

where σA and mA are the standard deviation and mean of the amplitude value [19]. Similar
algorithms were developed by Crosetto et al. [12], Lyons and Sandwell [46], Werner et al.
[67] and Kampes [39] afterwards. These algorithms are very successful for InSAR analysis in
scenes with sufficient number of man-made structures, which provide efficient reflectors that
dominate background scattering. These algorithms also require approximate knowledge of
temporal deformation change to identify PS pixels. Therefore, when this information is not
available (for example, volcanoes), these algorithms are not usable [34].
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To solve those problems, Hooper [31, 32, 33] proposed a new PS analysis method, named
as StaMPS (Stanford Method for Persistent Scatterers). StaMPS uses spatial correlation
of phase measurements to identify PS pixels. Thus, it is applicable in areas that undergo
non-steady deformation with prior knowledge on temporal deformation variations. StaMPS
is capable of identifying decent density of PS pixels in mountainous areas. This is the main
reason StaMPS was selected in this research to perform PSInSAR analysis for the two Japan
case studies.

The preprocessing of the Sentinel-1 data sets for PSInSAR analysis was performed in
Sentinel Application Platform (SNAP). Snap2stamps, a python package implemented by
Foumelis et al. [22], was used to convert the products from SNAP into the format that is
readable by StaMPS.

Coherence-change method

Damage caused by earthquake can be chaotic (e.g. flow liquefaction). As a result, the
co-seismic interferogram might be decorrelated which makes phase unwrapping impossible.
Coherence is a measure of the similarity between two SAR scenes that form the interferogram.
Its decrease is a viable proxy for identifying earthquake damage.

Kobayashi et al. [43] used this method to identify liquefied areas in 2011 Tohoku earth-
quake and found good correlation between liquefaction and coherence decrease. Tamura and
El-Gharbawi [61] used coherence change to detect urban damage in Ishinomaki City caused
by 2011 Tohoku earthquake and subsequent tsunami. Watanabe et al. [64] used coherence-
change technique with coherence filter and polarization to detect damaged urban areas by
the 2015 Gorkha earthquake and successfully increased the accuracy. Fielding et al. [20]
used InSAR coherence and coherence change to map the map the surface disruptions due to
fault ruptures reaching the surface.

In this research, coherence-change method was used as a complimentary method to iden-
tify liquefied areas with large displacement. Normalized coherence change (∆γ) is calculated
with Equation 2.3:

∆γ =
γpre − γco
γpre + γco

(2.3)

where γpre is the coherence of an interferogram before the earthquake and γco is the coherence
of the co-seismic interferogram.

Pixel offset method

The mathematical theory behind Pixel offset method is 2D cross-correlation. A given tem-
plate patch extracted from the secondary SAR scene is slid across the reference SAR scene
to find the location with the highest 2D cross-correlation. And then the displacement of this
patch is measured with number of pixels in the range and azimuth direction. This process is
shown in Figure 2.2. The template patch was slid over the reference SAR scene at 9 discrete
locations. The peak correlation is at the location with index (1, 1). A dense offset map can
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Figure 2.2: Schematic illustration of the pixel offset method (credit to the Jupyter notebook
created by Bryan Riel and Brent Minchew from MIT).

be created by repeating this process for a dense array of patches from the secondary SAR
scenes.

Pixel offset method is useful when the displacement between two SAR acquisitions is
large enough to cause complete decorrelation on the interferogram. Singleton et al. [56],
Sun and Muller [58] evaluated this method for monitoring landslides in vegetated terrains.
Riel et al. [50] applied this method to glacier movement tracking. Earthquake-induced
displacement also satisfies the characteristics of large displacement in a short period of time.
In this research, pixel offset method was used when InSAR analysis cannot reveal the amount
of displacement observed in field.

The pixel offset analysis was performed within the InSAR Scientific Computing Environ-
ment (ISCE) [53, 52, 54] in this research.
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2.2 Atmospheric phase correction

Ionospheric phase delay

Ionospheric phase delay is caused by the Total Electron Content (TEC) gradients in the
azimuth direction, which introduces extra azimuth offsets between two SAR scenes. These
extra azimuth offsets will increase the phase delay. The dispersive property of ionospheric
phase delay makes it possible to be separated from other non-dispersive phase components
from Equation 2.1. It is a prevalent issue for L-band satellites like ALOS-1.

The widely used method to estimate ionospheric phase delay today is split spectrum
method [17, 27, 66]. The interferograms at two different frequencies (one high band fH and
one low band fL) are required for this method. After phase unwrapping, the interferomet-
ric phase of the two interferograms: The parameters ∆ϕH and ∆ϕL are used to estimate
the dispersive ionospheric phase and the non-dispersive other phase components with the
following equations:

∆ϕ̂iono =
fLfH

f0(f 2
H − f 2

L)
(∆ϕLfH −∆ϕHfL)

∆ϕ̂non−disp =
f0

(f 2
H − f 2

L)
(∆ϕHfH −∆ϕLfL)

(2.4)

where ∆ϕ̂iono is the estimated ionospheric phase delay.

Tropospheric phase delay

Tropospheric phase delay is caused by the spatial and temporal variations of tropospheric
water vapor. There are two kinds of methods for estimating tropospheric phase delay:
methods without external information (stacking, filtering) and methods using independent
data (GPS, weather models etc.).

The Generic Atmospheric Correction Online Service for InSAR (GACOS) was used for
tropospheric phase delay in this research. It utilises the Iterative Tropospheric Decompo-
sition (ITD) model [73] to separate stratified and turbulent signals from tropospheric total
delays, and generate high spatial resolution zenith total delay maps to be used for correcting
InSAR measurements and other applications [72, 74].

GACOS has the advantage of global coverage and real time on-demand service. That is
why GACOS was selected over the other methods for this research.
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Chapter 3

Canterbury Earthquake Sequence
Case Study

3.1 Introduction

On September 4th 2010, Darfield earthquake (MW = 7.1) struck the Canterbury region of
New Zealand. The epicenter was located about 40 km west of the Central Business District
(CBD) of Christchurch at a depth of about 10 km. Extensive damage was inflicted to
lifelines and residential houses due to widespread liquefaction and lateral spreading in areas
close to major streams, rivers and wetlands throughout Christchurch and Kaiapoi [29]. Five
months later, on February 22nd 2011, Christchurch earthquake (Mw = 6.3), the most costly
earthquake to affect New Zealand, struck the same area. The epicenter was near Lyttelton,
only 6 km to the southeast of the Christchurch CBD at a depth of 5 km. Despite the
smaller moment magnitude, 2011 Christchurch earthquake caused more damage to pipeline
networks, transport facilities, residential houses/properties and multistory buildings in the
CBD than the 2010 Darfield earthquake, mainly due to the epicenter closer to the city and at
a shallower depth [49]. This provided a rare opportunity to learn how the same ground and
infrastructure responded to two significant earthquakes [14] fewer than six months apart.

3.2 Local Geology

The Canterbury Plains is the largest low-lying farm area of New Zealand, formed by complex
overlapping fans of glacier-fed rivers originating from the Southern Alps. Most soils are
derived from greywacke or loess. Weathered volcanic rock (Basalt) and thick deposits of
Pleistocene loess are present on the slopes of the Port Hills of Banks Peninsula, the eroded
remnant of the extinct Lyttelton Volcano [49].

The city of Christchurch is located on the east coast of the Canterbury Plains adjacent to
the Banks Peninsula. Most of the city was mainly a swamp behind coastal sand dunes, and
estuaries and lagoons that have now been drained [5]. The surface geology of the greater
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(a) (b)

Figure 3.1: (a) Simplified Christchurch geology map [49]. (b) Simplified soil profile along
cross section A-A’ [6, 49].

Christchurch area consists of predominantly recent Holocene (<11,700 years old) alluvial
gravel, sand, and silt of the Springston Formation, while Christchurch Formation sediments
have been mapped along the eastern margin of the city [6].The Springston Formation, with
maximum thickness of 20 m to the west of Christchurch, consists of river flood channels.
It contains alluvial gravel as the main component, and overbank deposits of sand and silt
that are susceptible to liquefaction. The Christchurch Formation, with maximum thickness
of 40 m at the coast of New Brighton, contains fixed and semi-fixed dunes and beach sands,
which are generally denser and less prone to liquefaction. 300-400 meters of Riccarton Gravel
Formation lies underneath these two formations. The bedrock is generally hundreds of meters
deep. The simplified geology map and soil profile of Christchurch are shown in Figure 3.1.

3.3 InSAR analysis results compared to field

observations

Faults ruptured in the two earthquakes

A previously unidentified right lateral strike-slip fault, the Greendale fault, ruptured in
the 2010 Darfield earthquake. Offsets and fracture patterns reveal up to 4.6 meters of
displacement, with an average displacement of ∼2.3 m across the entire rupture. Vertical
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Satellite Time Flight Direction Path Frame Wavelength (cm)
ALOS-1 03/11/2010 Ascending 336 6300 22.9
ALOS-1 09/11/2010 Ascending 336 6300 22.9
ALOS-1 08/13/2010 Ascending 337 6290 22.9
ALOS-1 09/28/2010 Ascending 337 6290 22.9
ALOS-1 10/27/2010 Ascending 336 6300 22.9
ALOS-1 03/14/2011 Ascending 336 6300 22.9

Table 3.1: SAR data sets used in the Canterbury earthquake sequence case study

offsets of up to ∼1 m occur at constraining or releasing bends [29]. The 2011 Christchurch
earthquake occurred on an unmapped fault located beneath the Port Hills of the northern
Banks Peninsula. GNS modeled the fault plane as a rectangle, dipping 65 degrees southeast,
and extending from ∼6 km depth to ∼1 km depth. GPS data indicates that the Port Hills
were uplifted by about 15∼45 cm, while the Christchurch area north of the projection of
the fault subsided by about 5∼15 cm [14]. Figure 3.2 shows the InSAR analysis results of
the co-seismic pair in the two earthquakes. The InSAR data set used in this case study is
summarized in Table 3.1.

The maximum relative displacement in the LOS direction of Greendale fault is approxi-
mately 3.4 m as shown in Figure 3.3. The 4.6 m displacement mentioned previously in this
chapter is equivalent to 2.9 m in the LOS direction. Vertical offset of up to 1 m at constrain-
ing or releasing bends can also contribute up to 0.77 m in the LOS direction. Therefore, in
reality, the maximum relative displacement in the LOS direction is up to 3.67 m. This upper
limit may never be reached because the maximum horizontal and vertical offsets might not
occur at the same location. So, the InSAR result is consistent with field observation.

The 15∼45 cm uplift of Port Hills and the 5∼15 cm subsidence of Christchurch north of
the fault are equivalent to 11.6∼34.7 cm towards the satellite and 3.9∼11.6 cm away from
the satellite in the LOS direction respectively. Considering the contribution from horizontal
displacement caused by tectonic movement and extensive lateral spreading due to liquefaction
in this region, the -23.3∼63.7 cm range from InSAR analysis is reasonable.

Liquefaction near Avon River

Both earthquakes caused extensive liquefaction in Christchurch area. The shallower depth
and the closer distance to the city of the 2011 event resulted in more significant and
widespread liquefaction damage in this area than the 2010 event. First of all, it is im-
portant to compare the liquefaction map with the InSAR co-seismic pair analysis results
to determine whether the InSAR results can reveal the liquefaction damaged zones. The
LOS displacements maps from InSAR analysis are shown in Figure 3.4. The liquefaction
map overlays are shown in Figure 3.5. These liquefaction maps are cited from Orense et al.
2011 [49]. In general, the liquefaction maps agree quite well with the InSAR analysis results
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(a)

(b)

Figure 3.2: (a) Greendale fault (2010 Darfield earthquake), co-seismic pair between scenes
from 03/11/2010 and 09/11/2010, positive displacement is moving away from the satellite
in the LOS direction. (b) Port Hills fault (2011 Christchurch earthquake), co-seismic pair
between scenes from 10/27/2010 and 03/14/2011, positive displacement is moving away from
the satellite in the LOS direction.
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Figure 3.3: Maximum relative fault displacement in the LOS direction is ∼3.4 m in the
green circle. The light green zone near fault trace is due to the decorrelation caused by fault
rupture.

for two reasons: (1) The LOS displacement shows concentration along the Avon River for
the 2010 event while the LOS displacement from the 2011 event is scattered over a much
wider area; and (2) The No liquefaction zone on the map coincides with the areas that have
noticeable smaller LOS displacement than the surrounding areas. Therefore, the InSAR
co-seismic analysis results with ALOS-1 data sets can reveal the liquefaction damaged areas
in Christchurch.

Next, with the well-documented permanent lateral ground displacement caused by lateral
spreading by Cubrinovski et al. 2012 [13], it is interesting to compare the field measurements
with the LOS displacement along the Avon River from the InSAR analysis. The field mea-
surements are projected to the LOS direction with the assumption that there is no vertical
offset and the lateral spreading on both banks are moving towards the river. According to
the preliminary model of the fault ruptured in the 2011 Christchurch earthquake in Figure
3.16, the tectonic displacement along the Avon River caused by the 2011 event ranges from
15 cm of settlement to 25 cm of uplift and the tectonic displacement is not uniform along
the Avon River. Since this is only a preliminary model, it is not possible to remove the tec-
tonic displacement accurately. Therefore, only the 2010 event is usable for this comparison.
The measured permanent lateral ground displacements induced by lateral spreading at the
banks after the 2010 Darfield earthquake from the field reconnaissance are summarized in
Table 3.2 [13]. The locations with significant lateral spreading along the Avon River in the
2010 Darfield earthquake according to Cubrinovski et al. 2012 [13] are labeled in Figure
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(a)

(b)

Figure 3.4: (a) 2010 Darfield earthquake LOS displacements (b) 2011 Christchurch earth-
quake LOS displacements
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(a)

(b)

Figure 3.5: (a) 2010 Darfield earthquake liquefaction map overlay (b) 2011 Christchurch
earthquake liquefaction map overlay
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Location Permanent lateral ground displacement (m)
South Kaiapoi 0.5-3.5
North Kaiapoi 0.2-3.1
Spencerville 0.6-1.5

Bexley 0.3-0.9
Burwood 0.1-0.9

Darllington, Avonside, Avondale 0.5-1.8

Table 3.2: Range of measured permanent lateral ground displacements induced by lateral
spreading at or near the waterway after the 2010 Darfield earthquake [13]

3.6. Before doing calculations, it is important to check whether the InSAR results make
sense. As shown in Figure 3.6, the LOS displacement along N-S flowing river sections is
larger than that of the E-W flowing river sections. This is consistent with one of InSAR’s
characteristics: low sensitivity to displacement in the azimuth direction because the lateral
spreading displacements along E-W river sections are in the N-S direction, which is close
to the azimuth direction. The theoretical minimum and maximum LOS displacement con-
verted from the field measurements in Table 3.2 assuming no vertical displacement and the
LOS displacement from InSAR analysis for both banks of the Avon River from Avonside to
Bexley are plotted in Figure 3.7. As shown in Figure 3.7, the InSAR LOS displacements
generally do not sit within the range of the theoretical LOS displacement converted from the
field measurements. This is probably because InSAR has a hard time resolving meter-level
displacement on river banks, which are extremely small areas compared to the fault rupture
zone mentioned previously in this chapter. The accurate phase unwrapping is impossible
for these areas because the color fringes on the interferogram are compressed together. This
issue will be discussed further in Chapter 4. One way to evaluate the quality of the inter-
ferogram is to check the coherence. The coherence in the areas along the Avon River for
the 2010 Darfield earthquake co-seismic pair is generally ∼0.3, which is too low for reliable
phase unwrapping. The occasional sign inconsistency between the theoretical results and
the InSAR results is likely due to the vertical offsets that are ignored by assumption and
some other noise. So, Differential InSAR analysis is not suitable for extracting meter-level
lateral ground displacement induced by lateral spreading on river banks but it can be used
as an indication of whether lateral spreading occurs along the river.

Liquefaction in Kaiapoi

Kaiapoi was one of the worst hit locations by the 2010 Darfield earthquake. This small
town sits on the banks of the Kaiapoi River, that was once a branch of the Waimakariri
River. This area has experienced liquefaction during past events and has been identified as
highly susceptible to liquefaction [69]. Wotherspoon et al. 2012 discusses the correlation
between former channels of the Waimakariri River and the areas having significant lique-
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Figure 3.6: Locations with significant lateral spreading along Avon River in the 2010 Darfield
earthquake [13].

faction damage following the 2010 Darfield earthquake [69] and gives a liquefaction map of
Kaiapoi. Following the 2011 Christchurch earthquake, re-liquefaction occurred in Kaiapoi,
but the impact of liquefaction was minor compared to the 2010 event due to farther epicen-
tral distance [49]. The liquefaction map from Wotherspoon et al. 2012 [69] was overlain on
the InSAR analysis results of both earthquakes and is shown in Figure 3.8. The areas with
large LOS displacements coincide well with the liquefied zone for both earthquakes. This
confirms that the InSAR results can reveal the liquefaction damage and re-liquefaction that
occurred in the 2011 event. The south-western Kaiapoi showed no sign of liquefaction on
the map and Kaiapoi is relatively far from the fault rupture for both events. Therefore, the
InSAR analysis results for both events were referenced to this area.

Because the liquefaction damage in Kaiapoi is well-documented for the 2010 Darfield
earthquake in Cubrinovski et al. 2012 [13], Wotherspoon et al. 2012 [69] and Robinson et al.
2011 [51], the InSAR results can be compared with these documented liquefaction damages.
The locations where lateral ground movement due to lateral spreading were measured by
Cubrinovski et al. 2012 [13] are overlain on the InSAR results in Figure 3.9. The LOS
displacements referenced to the points on the red lines (Field measurements of lateral ground
movement were performed along those red lines.) that are farthest from the stream or river
from Figure 3.9 are converted back into the lateral ground displacements in the red lines’
direction assuming there is no vertical offset. The results are summarized in Figure 3.10.
Compared to the 0.5-3.5 m and 0.2-3.1 m measured permanent lateral ground displacement
in South Kaiapoi and North Kaiapoi in Table 3.2, the InSAR results are still not capable of
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(a)

(b)

Figure 3.7: (a) Avon River left bank LOS displacement (b) Avon River right bank LOS
displacement (The locations of these data points are marked from west to east along the
Avon River in Figure 3.6). The theoretical minimum and maximum LOS displacements
on both banks of the Avon River are converted from the field measurement in Table 3.2
assuming no vertical displacement.
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(a)

(b)

Figure 3.8: (a) 2010 Darfield earthquake liquefaction map overlay in Kaiapoi (b) 2011
Christchurch earthquake liquefaction map overlay in Kaiapoi [69]
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Figure 3.9: Lateral spreading in Kaiapoi following the 2010 Darfield earthquake. The red
lines indicate where Cubrinovski et al. 2012 [13] measured lateral ground movement.

showing the meter-level lateral spreading displacement on river and stream banks in Kaiapoi
just like the case along the Avon River.

Next, other liquefaction damage in different parts of Kaiapoi is compared to the InSAR
results. In central Kaiapoi, the residential and commercial properties along Charles St and
back to Cass St were damaged due to liquefaction induced settlement and ground cracking,
with settlements of up to 400 mm [69]. The InSAR result for this area is shown in Figure
3.11. The residential and commercial buildings were removed, and the land was turned into
parks. The red patches in Figure 3.11 represent 5.5-14.2 cm of LOS displacement moving
away from the satellite, which can be converted into 7.1-18.4 cm of settlement assuming no
lateral displacement. In western Kaiapoi, Wylie Park experienced widespread liquefaction
with large areas of sand boils. In Murphy Park, on the other side of the river, there was a
large volume of ejecta. The residential area south of the Murphy Park had the most severe
liquefaction damage in the region [69]. The InSAR result for this area is shown in Figure 3.12.
The blue patches in Murphy Park in Figure 3.12 represent about 5 cm of LOS displacement
moving towards the satellite, which might be due to the large volume of ejecta there. The
residential area south of the Murphy Park was removed and turned into a park. The red
patches here represent 3.3-9.4 cm of LOS displacement moving away from the satellite, which
indicates 4.3-12.2 cm of settlement in this area assuming no lateral displacement. In eastern
Kaiapoi, the region north of the Kaiapoi river bend was the one the hardest hit due to
liquefaction in the 2010 Darfield earthquake and many of the houses in these areas settled
as a result of the liquefaction. The InSAR result for this area is shown in Figure 3.13. The
residential buildings in this area were all removed and the land was turned into parks. The
red patches in Figure 3.13 represent 3.6-15.8 cm of LOS displacement moving away from the
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Figure 3.10: Converted lateral ground movement (in the direction perpendicular to the rivers
or streams on the bank where lateral ground movement was measured in the field assuming
no vertical displacement) from InSAR results (The locations of these data points are marked
in Figure 3.9)

satellite, which indicates that the 4.7-20.5 cm settlement was caused by liquefaction in this
region assuming no lateral displacement.

Liquefaction near Heathcote River

Heathcote River is located at the southern boundary of Christchurch. After the 2010 Darfield
earthquake, there was very little evidence of ground distortion or liquefaction in this area,
with only a few sand boils found [29]. However, after the 2011 Christchurch earthquake,
significant ground distortions due to liquefaction were observed adjacent to Heathcote River
[49]. The InSAR results near Heathcote River with the liquefaction map overlain on the
2011 event are shown in Figure 3.14. The impact of these two earthquakes shows huge
difference in Figure 3.14 judging by the scale of the LOS displacement from the co-seismic
interferograms of the two events. The areas with liquefaction damage near Heathcote river
following the 2011 event are way more limited compared the liquefaction damaged areas
near Avon River (Figure 3.5b) and there is no indication of lateral spreading (like the LOS
displacement pattern along the Avon River in Figure 3.5b) along the Heathcote River as
shown in Figure 3.14 (b).

The lower area along Wilson Road in St. Martins was one of the worst-hit liquefaction
areas near Heathcote River [49]. The InSAR result for this area is shown in Figure 3.15. One
thing to be cautious about when analyzing InSAR results in Christchurch following the 2011
Christchurch earthquake is removing tectonic displacement caused by fault rupture. The
tectonic displacement in this area can be estimated with the preliminary fault model created
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Figure 3.11: InSAR result in Kaiapoi along Charles St following the 2010 Darfield earth-
quake. (The google earth map is from 2022.) Red zones indicate 7.1-18.4 cm settlement
caused by liquefaction.

Figure 3.12: InSAR result in western Kaiapoi following the 2010 Darfield earthquake. (The
google earth map is from 2022.) The red zone south of Murphy park indicates 4.3-12.2 cm
settlement caused by liquefaction.
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Figure 3.13: InSAR result in eastern Kaiapoi following the 2010 Darfield earthquake. (The
google earth map is from 2022.) The red zone indicates 4.7-20.5 cm settlement caused by
liquefaction.

by GNS as shown in Figure 3.16. The tectonic displacement in St. Martins was about 5 cm
of settlement according to the fault slip model. After removing this tectonic settlement, the
LOS displacement in Figure 3.15 ranges from 10.2 cm towards the satellite to 12.3 cm away
from the satellite, which can be converted to 13.2 cm of ground uplift and 16 cm of ground
settlement assuming to lateral displacement. Thus, the existence of ground distortions and
differential settlement indicates significant liquefaction damage in this region.

Liquefaction in Christchurch CBD

As shown in Figure 3.17, the difference in damage caused by the two earthquakes in the
CBD is significant judging by the scale of the LOS displacement. The key field observations
made following the 2011 Christchurch earthquake regarding the effects of soil liquefaction on
building performance in the CBD were summarized by Cubrinovski et al. 2011 [15]. This is
an excellent case to test whether InSAR analysis is capable of revealing the differential set-
tlement of buildings caused by liquefaction. Two case histories were taken from Cubrinovski
et al. 2011 [15] to compare with the InSAR result in this case study.

The first case history is a mini-complex of three nearly identical apartment buildings
and three nearly identical duplex homes built across an EW-trending geomorphic feature
(Figure 3.18). This geomorphic feature is expressed here by a significant change in grade
of the pavement between the northern and the middle buildings. The northern apartment
building showed no evidence of cracking or distortion of the pavement surface. However, large
sediment ejecta was found along the perimeter of the southern apartment building indicating
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(a)

(b)

Figure 3.14: (a) 2010 Darfield earthquake liquefaction map overlay near Heathcote River (b)
2011 Christchurch earthquake liquefaction map overlay near Heathcote River
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Figure 3.15: InSAR result in St. Martins following the 2011 Christchurch earthquake. (The
google earth map is from 2022)

Figure 3.16: Preliminary model of the southeast-dipping fault (rectangular area) that rup-
tured across the southern part of Christchurch and northern Port Hills during the 2011
Christchurch earthquake. The red, green and yellow symbols show some of the GPS stations
whose displacements were used to derive this fault slip model (GNS Media Release, April
2011).
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severe liquefaction of its foundation soils (Figure 3.19B). Liquefaction features were also
observed near the middle apartment building, but the resulting distress was significantly less
than that of the southern apartment building. The southern apartment building suffered
a differential settlement of about 40 cm and more than 3 degrees of tilt toward the west-
southwest, which is visible in Figure 3.19A. Adjacent to these apartment buildings is another
complex of three identical but structurally different (supported on different foundations) two-
story duplex housings from the former set. Their locations relative to the geomorphic feature
mentioned previously is identical to the three apartment buildings. Figure 3.20A shows the
middle duplex housing with clear evidence of pavement distortion, cracking, and settlement
of the surrounding ground. The settlement of the housing was likely not significant, but
the ground settled about 20 cm, exposing the top of the foundation at the southwest corner
(Figure 3.20B) [15]. The tectonic displacement in the Christchurch CBD was about 5 cm
of settlement according to the preliminary fault model in Figure 3.16. After removing the
tectonic displacement, the InSAR result at the location of this complex of buildings is shown
in Figure 3.21. The LOS displacement difference is 7.04 cm between the west and the east
of the southern apartment building. The southern apartment building has been removed
according to the current satellite image. Assuming no horizontal displacement, this 7.04 cm
of difference in the LOS direction can be converted to 9.11 cm of settlement difference, which
is way smaller than the observed 40 cm of differential settlement at the southern apartment
building. The LOS displacement at the middle duplex housing is 4.73 cm, which can be
converted to 6.12 cm of settlement assuming no horizontal displacement. This 6.12 cm of
settlement is also smaller than the observed 20 cm of ground settlement.

The second case history is at the intersection of Madras and Armagh streets where
several buildings suffered significant liquefaction-induced differential settlements or lateral
movements. The three-story building on shallow foundations in Figure 3.22 suffered severe
differential settlement that tilted the building by about 1.8 degree. The building also uni-
formly moved laterally to the north by about 15 cm toward the area of significant liquefaction
near the front of the building [15]. The six-story building on isolated footings with tie beams
and perimeter grade beams in Figure 3.23 was located across the street to the north. The
overall differential settlement across the whole building is about 29 cm [15]. The InSAR
result at this location is shown in Figure 3.24. The differential settlement of the first build-
ing cannot be revealed by the InSAR result because the resolution of the LOS displacement
map is too low that the entire area of the first building has the same LOS displacement.
The lateral displacement to the north cannot be revealed by InSAR either because DInSAR
is not sensitive to the displacement in the N-S direction. The LOS displacement difference
across the area of the second building from north to south is 5.93 cm, which can be converted
to 7.67 cm of settlement difference assuming no horizontal displacement. This is again way
smaller than the observed 29 cm of differential settlement.

The InSAR result for this methodology failed to resolve the differential settlement of
the buildings in both case histories. The differential settlements of the buildings are highly
localized. The resolution of the InSAR results depends on the pixel size and pixel spacing of
the ALOS-1 scene used in this case study. The pixel size of ALOS-1 scene is 9.37 m by 3.60
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m. The pixel spacing is about 20 m judging by the scale bar on the LOS displacement maps
in this section. Such resolution is not ideal for analysing highly localized displacements like
the differential settlement of buildings caused by liquefaction.

3.4 Discussion

The co-seismic pair InSAR analysis in this case study shows the ability of identifying the fault
rupture and the liquefaction damaged areas including the lateral spreading along rivers and
ground distortion. However, InSAR was not capable of extracting the meter-level lateral
ground displacement due to lateral spreading on the banks of Avon River and Kaiapoi
River. This is likely due to phase unwrapping issues with decorrelation caused by the large
displacements in a small area.

As discussed in Section 3.3, The InSAR result is not capable of resolving the differential
settlements of the buildings caused by liquefaction. This is because the documented differ-
ential settlements of buildings are highly localized. The pixel size of an ALOS-1 scene is
9.37 m by 3.60 m and the pixel spacing is about 20 m. Such resolution is not well suited for
analysing this type of displacements. The commercial SAR satellite TerraSAR-X launched in
2007 by DLR (the German Aerospace Center) with much higher resolution is more suitable
for this purpose. However, TerraSAR-X data set is not free and unfortunately not accessible
in this case study.

The InSAR analysis in this case study is greatly limited by the available ALOS-1 data
set. Only one co-seismic pair is available in the ascending track for each earthquake. This
makes the 3D decomposition of the LOS displacement and the coherence change-method
impossible. As a result, the comparison between InSAR analysis results and field observations
was performed either by projecting the displacement observed in field to the LOS direction
or making assumptions on part of the three displacement components (East, North and
Vertical). Pixel offset method is not included in this case study because the pixel offset
analysis with ALOS-1 data set generates too many artifacts to recover any meaningful results.
The application of these methods is discussed in the next two case studies.
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(a)

(b)

Figure 3.17: (a) InSAR result from the co-seismic pair of the 2010 Darfield earthquake
in Christchurch CBD (b) InSAR result from the co-seismic pair of the 2011 Christchurch
earthquake in Christchurch CBD
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Figure 3.18: Location of geomorphic feature in area of apartment and duplex complexes
north of Salisbury Street in CBD [15]. Figure 3.19 corresponds to Figure 6 and Figure 3.20
corresponds to Figure 8 in this figure.

Figure 3.19: Apartment complex: A) looking south from northern building showing tilt of
southern building, and B) looking north at liquefaction feature at edge of southern building
(7 March 2011; S43.52434 E172.64432) [15].



CHAPTER 3. CANTERBURY EARTHQUAKE SEQUENCE CASE STUDY 31

Figure 3.20: Duplex housing complex: A) looking north at the center building, and B) close-
up of ground settlement next to the center building (16 March 2011; S43.52399 E172.64417)
[15].

Figure 3.21: The InSAR result at the location of the building complex in Figure 3.18
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Figure 3.22: Liquefaction-induced differential settlement and sliding of building in the CBD
(24 March 2011; S43.52878 E172.64252) [15].

Figure 3.23: Building undergoing significant liquefaction-induced differential settlement due
to part of it being founded on the liquefaction feature in this area (24 March 2011; S43.52878
E172.64252) [15].
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Figure 3.24: The InSAR result at the location of the two buildings in Figure 3.22 and Figure
3.23
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Chapter 4

Kumamoto Earthquake Case Study

4.1 Introduction

The 2016 Kumamoto earthquakes are a series of earthquake events starting with a foreshock
(Mw = 6.2) on the Hinagu fault at a depth of 11 kilometers on April 14th, 2016, followed by
another foreshock with moment magnitude 6.0 on the same fault one day later and then the
mainshock (Mw = 7.0) struck Kumamoto City on April 16th, 2016 at a depth of 10 kilometers
on the Futagawa fault [41]. These are the strongest earthquakes recorded in Kyushu, Japan
in modern era. Significant damage was caused by these earthquakes to the infrastructure,
buildings, roads, slopes and river embankments due to earthquake induced landslides and
debris flows. Surface fault rupture on the Hinagu and Futagawa fault produced damage to
man-made structures on the ground. Researchers expected huge liquefaction damage after
the analysis of optical images and the interpretation of local boring logs before the field
reconnaissance. However, liquefaction only occurred in a limited number of locations along
the Shirakawa River and the Midorikawa River, and on an artificial island to the west of
Kumamoto city. As an exception, there are large liquefaction-induced non-tectonic surface
displacements in the Aso Valley to the north east of Kumamoto City. These provide a
great opportunity to apply different InSAR analysis methods and test their effectiveness in
retrieving the surface displacements.

4.2 Local geology

Kumamoto is located on the Kyushu Island, the southern most among the four major islands
of Japan. Kyushu is primarily composed of older, weathered volcanic soils named ”shirasu”
on the outer side along with marine sediments and weathered rocks. The soils on the inner
side predominately originate from the massive Mount Aso Volcano [1]. Kumamoto City has
high precipitation of 1000-1500 mm per year and high groundwater levels. The Shirakawa
River flows through Kumamoto City from Mount Aso Caldera while the Midorikawa and
Kase River flows through the southern portion of the city. The gravel beds of the Midorikawa
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River are composed primarily of welded tuff, a volcanic deposit from the slopes of Mount
Aso. A significant amount of sandstone sand along the river banks has also been identified
and mapped [35]. The Shirakawa, Midorikawa and Kase River regularly flood and deposit
suspended fine clay, silt, sand and organic matter on the Kumamoto Plain. Four massive
pyroclastic flows occurred from 90,000 to 300 years ago and made up the bulk of the sediment
on the Kumamoto Plain. The pyroclastic deposits and secondary alluvial sediments of the
most recent pyroclastic flow 300 years ago formed the upper surface of the Kumamoto Plain.

Mount Aso Caldera formed 95,000 years ago and as a result a crater lake filled in with
many tens of meters of fine-grained high void ratio sediment [41]. The central cone of the
caldera broke through this crater lake and deposited another 10-meter of pyroclastic sediment
near the modern surface. A late Pleistocene/Holocene event drained the crater lake through
a western passage dissecting the Aso Caldera rim wall, flooding the Kumamoto Plain. The
large liquefaction-induced surface displacements in the Aso Caldera is highly related to the
soil conditions here.

4.3 InSAR analysis results compared to field

observations

Faults ruptured in the 2016 Kumamoto earthquake

The Futagawa-Hinagu fault zone is driven both by the E-W compression derived from Philip-
pine Sea plate subduction and the N-S extension of the Central Kyushu rift [48]. The pre-
dominant fault movement for both faults is right-lateral strike-slip, accompanied with the
uplift of the Kyushu mountains in the south because of the normal fault movement.

The Mw = 6.2 foreshock on April 14th, 2016 happened on the northernmost segment of
the Hinagu Fault. The Mw = 6.0 foreshock happened ∼3 hours later on the southwestern
extension of the previous foreshock area. The amount of co-seismic right-lateral strike-
slip is estimated to be 1.1 m [40]. The Mw = 7.0 mainshock on April 16th, 2016 happened
around the north-western tip of the foreshock area along the Futagawa fault. The mainshock
triggered widespread seismicity along the northernmost section of the Hinagu Fault and
the northeastern extension of the Futagawa Fault, including the north flank of Mount Aso
volcano and the area around Oita [40]. The different fault segments that were ruptured are
shown in Figure 4.1. The average right-lateral strike-slip along the longest fault segment A1
was estimated at 4.1 m. There was a normal slip component on this segment as well. Fault
segment A2 is located within the Mount Aso Caldera. The average right-lateral strike-slip
was estimated to be 3.8 m. Fault segment B is located at the northernmost segment of
the Hinagu Fault. The estimated right-lateral strike-slip from both the foreshock and the
mainshock was about 3 m [40].

The InSAR data sets used in this case study to compare with the GNSS observations
shown in Figure 4.1 are summarized in Table 4.1. Pixel offset was selected to perform
the InSAR analysis instead of the conventional differential InSAR method for two reasons:
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Figure 4.1: Source fault model for the hosts of both the foreshock and the mainshock. The
three white rectangles denote fault planes projected onto the surface. Black and white
arrows at each GNSS station indicate horizontal displacements observed and predicted from
the source model. (Background interferogram is from the ALOS-2 co-seismic pair between
March 7th, 2016 and April 18th, 2016 on descending track) [40]
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Satellite Time Flight Direction Band Wavelength (cm)
ALOS-2 03/07/2016 Descending L-Band 22.9
ALOS-2 04/18/2016 Descending L-Band 22.9

Sentinel-1A 04/08/2016 Ascending C-Band 5.6
Sentinel-1A 04/20/2016 Ascending C-Band 5.6
Sentinel-1A 03/27/2016 Descending C-Band 5.6
Sentinel-1A 04/20/2016 Descending C-Band 5.6

Table 4.1: SAR data sets used in the 2016 Kumamoto earthquake case study

1. the N-S component of the fault movement is large according to the fault trace. While
differential InSAR is not sensitive to displacement in the azimuth direction, pixel offset
method can reveal the displacement in both the azimuth and the range direction; and, 2.
The meter-level fault movement caused decorrelation along the fault trace. As a result,
reliable phase unwrapping cannot be performed in those areas. The range and azimuth pixel
offset results from the ALOS-2 descending co-seismic pair, and the range pixel offset result
from the Sentinel-1A ascending co-seismic pair were used to perform the 3D decomposition of
the fault movement in the N-S, E-W and vertical directions. The results are shown in Figure
4.2, Figure 4.3, and Figure 4.4. At GNSS Location 1, the E-W displacement component is
-1.31 m and the N-S displacement component is -0.9 m. The combined displacement is 1.59
m in the southwestern direction. The observed horizontal displacement from Figure 4.1 is
1.17 m. Using the same method, the fault movement at the north side of the Fault A2 is
1.6 m in the northeastern direction1, and the fault movement at the south side of the Fault
A2 is 2.05 m in the southwestern direction. The relative right-lateral strike slip is 3.65 m
which is close to the 3.8 m estimation in Kato et al. 2016 [40]. At GNSS location 2, the
E-W displacement component is 0.74 m and the N-S displacement component is 0.48 m.
The combined displacement is 0.88 m in the northeastern direction. The observed horizontal
displacement from Figure 4.1 is 1 m. With 2.14 m displacement in the northeastern direction
at the north side of Fault A1 and 1.81 m in the southwestern direction at the south side,
the relative right-lateral strike-slip is 3.95 m, which is also close to the 4.1 m estimation in
Kato et al. 2016 [40]. The analysis of Fault B is not part of this case study because of the
coverage of available ALOS-2 data sets.

Kato et al. 2016 [40] mentioned a significant normal slip component along the Fault
A1 discovered from geodetic inversion and the northwestern side of the active fault trace
subsided after the mainshock. The substantial vertical movement shown in Figure 4.4 can
prove the existence of this normal slip component. But there is no estimate of this normal
slip component in Kato et al. 2016 [40] and it is hard to determine whether this subsidence of
the northwestern side of the fault is relative to the southeastern side of the fault. Therefore,

1The N-S and E-W fault slip components mentioned in this section were average values along the fault
trace output from QGIS.
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Figure 4.2: E-W fault movement map (East movement is positive.)

Figure 4.3: N-S fault movement map (North movement is positive.)
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Figure 4.4: Vertical fault movement map (Uplift is positive.)

it is not possible to validate the vertical fault movement map in Figure 4.4.
Overall, the results from pixel offset analysis in this case study agree quite well with the

estimations and GNSS observations in Kato et al. 2016 [40].

Liquefaction-induced surface displacements in the Aso Valley

The Aso valley is located in the northern part of the Mount Aso Caldera. It formed in a
depression after the fourth Aso pyroclastic flow, and the valley floor was covered by lava and
related deposits from Mount Aso and also by sediments of the Kuro-kawa River [30]. There
was a lake in the western Aso Valley about 10,000 years ago, and the lake-bottom deposits
with a thickness of approximately 50 m were found in a boring [30]. It was reported that
casing pipe of the Uchinomaki hot springs was bent at the depth of about 50 m following
the mainshock and a saturated silt layer was found at a depth of about 20 m in the Matoishi
area [62]. Fujiwara et al. 2017 [23] suggested the liquefaction of these saturated lake-bottom
deposits due to strong ground motions caused the large deformation due to lateral spreading.

Surface ruptures caused by liquefaction-induced lateral spreading in the Aso Valley in-
terpreted from aerial photos are shown in Figure 4.5 [71]. The total horizontal displacement
map on this figure is from Fujiwara et al. 2017 [23]. Fujiwara et al. 2017 [23] used the pixel
offset method to get this total horizontal displacement map with only ALOS-2 data set. But
since ALOS-2 data set is not free, it is meaningful to test whether pixel offset method with
hybrid data sets (ALOS-2 and Sentinel-1) can reach the same result in this case study. Some
photos taken from the field in the Matoishi area that show typical compression and exten-
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Figure 4.5: Irregular blue lines show surface ruptures caused by liquefaction-induced lateral
spreading interpreted from aerial photos [71]. Total horizontal displacement map is from
Fujiwara et al. 2017 [23].

sion surface features are presented in Figure 4.6 [23]. In this case study, the same InSAR
data sets (as shown in Table 4.1) and the pixel offset method were used to generate the
displacement maps in the E-W, N-S and vertical directions in the Aso Valley. The results
from InSAR analysis were then compared with the field observations and the displacement
map in Fujiwara et al. 2017 [23].

The displacement maps in the E-W, N-S and vertical directions from the InSAR analysis
in the Aso Valley are shown in Figure 4.7, Figure 4.8, and Figure 4.9. The total horizontal
displacement map is shown in Figure 4.10. Figure 4.10 shows large horizontal displacement in
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Figure 4.6: Photos of typical compression and extension surface features in the Matoishi
area [23].
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the Uchinomaki, Kario, and Matoishi area. Uchinomaki has famous hot springs. According
to the the displacement map of Uchinomaki shown in Figure 4.11, the largest horizontal
displacement was 1.95 m to the NNW direction at the center of Uchinomaki, at the hot
springs. The horizontal displacement is getting smaller when it is closer to the edge of
Uchinomaki. There is also about 0.3 m of uplift at the center of Uchinomaki. The diameter
of the deformed area here is about 2 km. The displacement map of Kario is shown in Figure
4.12. The largest horizontal displacement is 2.63 m to the NNW direction at the southern
Kario. There is about 0.7 m of uplift at this location. Again the displacement is getting
smaller when it is closer to the edge of Kario. The displacement map of Matoishi is shown in
Figure 4.13. The largest horizontal displacement is 4.37 m to the NNW at the northwestern
Matoishi. There is also about 0.7 m of uplift at this location. To compare the InSAR result
with the four field observations presented in Figure 4.6, the E-W displacement at these four
locations are analyzed as shown in Figure 4.14. In this case, the E-W displacement shows
the relative displacement on different sides of each location better than the N-S displacement
when the N-S displacement is large and does not vary a lot in this area. Location (a) and
(b) showed compression feature in the field. The west and east side of these two locations
are both getting closer with 0.76 m and 0.44 m of relative displacement as shown in Figure
4.14. Location (c) and (d) showed extension feature in the field. As shown in Figure 4.14,
the west and east side of these two locations are both moving apart with 0.15 m and 0.49 m
of relative displacement, respectively. Location (c) showed about 1 m of vertical offset. The
uplift on west and east side of location (c) are 0.72 m and 0.18 m from the InSAR result.
Only 0.54 m of vertical offset can be resolved at this location. This is because this vertical
offset is highly localized. The horizontal scale of this rupture is likely smaller than the 45 m
pixel spacing of ALOS-2 data set [23], which means pixel offset method with ALOS-2 data
set cannot reveal this vertical offset.

The InSAR analysis results in this case study discussed previously are generally consistent
with the results from Fujiwara et al. 2017 [23] (Table 4.2). The large horizontal displacement
also happened at the locations with visible surface ruptures on aerial photos (Figure 4.5).
The relative displacements at the locations of these four field observations are also consistent
with the compression or extension surface feature observed in the field. Therefore, the InSAR
analysis results with pixel offset method using hybrid data sets (ALOS-2 and Sentinel-1) are
on par with the pixel offset method with only ALOS-2 data set in Fujiwara et al. 2017 [23]
in revealing the lateral ground displacement caused by liquefaction in the Aso Valley.

Liquefaction in Kumamoto City

There were only a limited number of sites with liquefaction damage in Kumamoto City.
The overestimation of liquefaction damage caused by the 2016 Kumamoto earthquake is an
interesting topic. Anderson et al. 2022 [1] came to the conclusion that this overestimation is
due to the misinterpretation of Japanese boring log and aerial photographs, and the volcanic
soil in Kumamoto City is more resistant to liquefaction than current liquefaction triggering
analysis procedures suggest. Post-liquefaction settlement was observed on the artificial island
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Figure 4.7: E-W displacement map in the Aso Valley (East movement is positive.)

Figure 4.8: N-S displacement map in the Aso Valley (North movement is positive.)
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Figure 4.9: Vertical displacement map in the Aso Valley (Uplift is positive.)

Figure 4.10: Total Horizontal displacement map in the Aso Valley
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Figure 4.11: Displacement map in Uchinomaki

Figure 4.12: Displacement map in Kario
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Figure 4.13: Displacement map in Matoishi

Figure 4.14: E-W displacement at the locations of four field observations
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Area Max Horizontal Disp Vertical Disp
Uchinomaki 2.6 m to NNW 25 cm uplift to 10 cm subsidence

Kario 2.8 m to NNW 40 cm uplift to 40 cm subsidence
Matoishi 3.4 m to NNW 50 cm uplift to 50 cm subsidence

Table 4.2: The maximum horizontal displacement and the vertical displacement range along
the cross sections b, c and d in Figure 4.5 from the InSAR analysis results in Fujiwara et al.
2017 [23]

Figure 4.15: Liquefaction map in Kumamoto City

to the west of Kumamoto City with localized settlements up to 60 cm at some locations [41].
In the south-east corner of the Shirakawa River, settlement and tilting of the buildings in
this neighborhood due to liquefaction was observed [41, 55, 60, 4]. One lateral spreading
case was observed by Kayen et al. 2016 [41] adjacent to a bridge crossing a tributary of
the Midorikawa River at the east of Kumamoto City. A liquefaction map of Kumamoto
City with liquefaction damaged locations observed in field surveys is shown in Figure 4.15
[2]. Because the conventional DInSAR method with L-Band ALOS-1 data sets could not
resolve the lateral spreading displacements along the rivers or the settlement and tilting of
the buildings within the Christchurch CBD in Chapter 3, and the pixel offset method does
not have enough resolution to detect those localized damages in urban areas. Therefore,
coherence-change method was selected in this case study.

The SAR data sets used for coherence-change analysis are listed in Table 4.3. Scenes
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Satellite Time Flight Direction Band Wavelength (cm)
Sentinel-1A 02/20/2016 Ascending C-Band 5.6
Sentinel-1A 04/08/2016 Ascending C-Band 5.6
Sentinel-1A 04/20/2016 Ascending C-Band 5.6

Table 4.3: SAR data sets used in the coherence change method

from 2/20/2016 and 04/08/2016 were used to calculate the pre-seismic coherence. Scenes
from 04/08/2016 and 04/20/2016 were used to calculate the co-seismic coherence. The
normalized coherence change was then calculated based on Equation 2.3. Larger normalized
coherence change means larger coherence decrease after the earthquake strikes. Watanabe
et al. 2016 [64] suggested a normalized coherence change threshold of 0.3 for identifying
liquefaction damaged areas in the 2015 Gorkha earthquake. However, since the data set used
by Watanabe et al. 2016 [64] is from ALOS-2, this threshold might not be usable for Sentinel-
1A data set in the Kumamoto City case study. Therefore, the normalized coherence change
threshold needed to be calibrated. Because the liquefaction induced lateral displacement
in the Aso Valley has been analyzed in detail as already discussed, it was used to find
the optimum threshold. The areas with normalized coherence change larger than 0.4 are
shown in Figure 4.16. Those areas (white, bluish dots) are generally located within the three
areas with large horizontal displacements: Uchinomaki, Kario and Matoishi. After trial and
error, 0.4 was picked as the normalized coherence change threshold for liquefaction damage
identification in this case study. The normalized coherence change map in Kumamoto City
with the same 0.4 threshold is shown in Figure 4.17. Apart from the areas with field observed
liquefaction damage, many other areas on the map also has greater than 0.4 of normalized
coherence change. This indicates that the 0.4 threshold might not be high enough for urban
areas. After raising the threshold to 0.45, the updated map is shown in Figure 4.18. This time
the areas with normalized coherence change larger than 0.45 shows much better correlation
to the areas with field observed liquefaction damage. Zoom in on the liquefaction damaged
areas mentioned previously in this section. The artificial island to the west of Kumamoto
City, the neighborhood at the south-east corner of Shirakawa River, and the bridge crossing
a tributary of the Midorikawa River at the east of Kumamoto City all have concentrations of
large normalized coherence change area as shown in Figure 4.19 to Figure 4.21. Therefore,
with the proper normalized coherence change threshold, coherence-change method works
well for liquefaction detection.

4.4 Discussion

Pixel offset method shows the ability of resolving the Futagawa-Hinagu fault rupture dis-
placement and the lateral ground movement caused by liquefaction in the Aso Valley. The
pixel offset method using hybrid data sets (ALOS-2 and Sentinel-1) performs on par with
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Figure 4.16: Normalized coherence change in Aso Valley

Figure 4.17: Normalized coherence change in Kumamoto City with liquefaction damaged
areas bounded by red lines
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Figure 4.18: Updated normalized coherence change in Kumamoto City with liquefaction
damaged areas bounded by red lines

Figure 4.19: Normalized coherence change at the artificial island to the west of Kumamoto
City
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Figure 4.20: Normalized coherence change at the south-east corner of Shirakawa River

Figure 4.21: Normalized coherence change at the bridge crossing a tributary of the Mi-
dorikawa River at the east of Kumamoto City
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the pixel offset method using only ALOS-2 data set in Fujiwara et al. 2017 [23]. The N-S
component of the horizontal displacements in the Aso Valley is dominant compared to the
E-W component and the vertical displacements. As a result, conventional DInSAR method
with either ALOS-2 or Sentinel-1A data set is not suitable for revealing the displacements
here because InSAR has low sensitivity on the ground displacement in the N-S direction,
which is too close to the azimuth direction.

The coherence-change method achieved great result with 0.4 as the normalized coherence
change threshold in the Aso Valley. However, in Kumamoto City with the same threshold, the
method no longer worked because many areas without field observed liquefaction damage also
have normalized coherence change greater than 0.4. After raising the threshold to 0.45, the
method successfully detected liquefaction damage. Thus, the normalized coherence change
threshold is the key to the coherence-change method and the optimum threshold may vary
with InSAR data set from different satellites and at different locations.
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Chapter 5

Hokkaido Eastern Iburi Earthquake
Case Study

5.1 Introduction

The Mw = 6.6 Hokkaido Eastern Iburi earthquake struck the central eastern part of the
Iburi area on the northernmost major island of Japan on September 6th, 2018 at a depth
of approximately 37 km. This earthquake occurred after a large amount of precipitation
in August 2018 and the arrival of Typhoon No. 21 Jebi. It caused a large loss of life,
and significant damage to residential areas, farmlands, infrastructure, and lifelines over a
wide area of Hokkaido [36]. Widespread slope failures occurred in the mountainous areas
composed of pyroclastic fall deposit in Atsuma and Abira near the epicenter [36]. A flow
failure caused by liquefaction was observed in a residential community district of Kiyota
ward in Sapporo [42]. It was, therefore, meaningful to test whether InSAR analysis can
detect the various types of the ground failures that occurred in this earthquake.

5.2 Local Geology

Hokkaido Island is located in one of the most tectonically active regions [77]. It is subject to
westward subduction of the Pacific Plate and convergence between the North American and
Eurasian Plates [59]. Modern Hokkaido was shaped primarily by Miocene age submarine
volcanism. From west to east, Hokkaido Island consists of the Yufustu basin (home to
Sapporo, Chitose, and Tomakomai), the Hidaka Collision Zone, and the eastern highlands
shaped by a sequence of Himalayan Orogeny plutons and metamorphism at the Hidaka
Collision Zone [42].

The surface soil layers in Atsuma and Abira, where widespread landslides occurred, are
composed of pyroclastic tephra deposits mainly derived from Tarumae Caldera [77]. The
depth of the pyroclastic tephra deposits is approximately 4-5 m [70]. The high precipitation
in August, 2016 ahead of the arrival of Typhoon Jebi, which caused high saturation of the
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surface soil in the region, greatly contributed to the occurrence of landslides during the 2018
Hokkaido earthquake [77].

5.3 InSAR analysis results compared to field

observations

Fault ruptured in the 2018 Hokkaido earthquake

The westward subduction of the Pacific Plate formed many eastward dipping thrust faults
on the western side of the Hidaka Mountains [38]. The 2018 Hokkaido earthquake occurred
at the west edge of this thrust fault system [44]. There is an active fault zone located
close to the epicenter of this earthquake named Ishikari-Teichi-Toen fault zone (ITTFZ).
It is controversial whether the 2018 Hokkaido earthquake occurred on a fault that is part
of the ITTFZ system. Kobayashi et al. 2019 [44] determined that the fault plane where
the earthquake occurred does not connect to any known surface traces of the ITTFZ and
constructed a reverse fault model dipping eastward at 74 degrees with a 15 km deep fault
top by inverting ALOS-2 and GNSS data sets. Figure 5.1 shows the displacement maps in
the vertical and E-W direction derived from ALOS-2 data sets and the fault model [44].
Both the InSAR analysis and fault model show up to 8-10 cm of uplift and 4 cm of eastward
displacement on the east side of the fault. Since the ALOS-2 data set in this region was
not accessible for this case study, Sentinel 1A/B data set was used. The Sentinel 1A/B
data set used in this case study is summarized in Table 5.1. As C-Band data set, Sentinel-1
A/B has low coherence in Japan especially in the mountainous area around the fault where
this earthquake occurred. Reliable phase unwrapping was not possible for the conventional
DInSAR method.

A slightly modified Persistent Scatterer analysis with StaMPS was used in this case
study. PS analysis was performed for the ascending and descending track separately. The
09/01/2018 scene was selected as the master image for ascending track and the 09/05 scene
was selected as the master image for descending track. However, instead of getting the
average LOS velocity map during the time span, the value from 08/20/2018 and 09/13/2018
for ascending track, 08/24/2018 and 09/17/2018 for descending track were extracted from
the time series plots to get the co-seismic LOS displacement for all persistent scatterers.
This is a workaround when phase unwrapping for the entire co-seismic interferogram is not
possible. The co-seismic LOS displacement result for persistent scatterers on the descending
track in the area near the fault is shown in Figure 5.2. One downside of this method is
that the persistent scatterers from the ascending track and descending track are not at the
same location, which makes 3D decomposition of the LOS displacement tricky. In this case
study, the persistent scatters closest to the 12 locations in Figure 5.2 were picked manually
for the ascending and descending track, and then 3D decomposition was performed at each
location with the LOS displacement values of these persistent scatterers assuming there is
no N-S displacement component. The vertical and E-W displacement components at these
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Figure 5.1: a and b show the vertical and E-W displacement maps derived from ALOS-2
data set. c and d show the vertical and E-W displacement maps predicted by the fault
model. e and f show the residuals of the two displacement components. [44]
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Satellite Time Flight Direction Band Wavelength (cm)
Sentinel-1B 07/15/2018 Ascending C-Band 5.6
Sentinel-1B 08/08/2018 Ascending C-Band 5.6
Sentinel-1B 08/20/2018 Ascending C-Band 5.6
Sentinel-1B 09/01/2018 Ascending C-Band 5.6
Sentinel-1B 09/13/2018 Ascending C-Band 5.6
Sentinel-1B 09/25/2018 Ascending C-Band 5.6
Sentinel-1B 10/07/2018 Ascending C-Band 5.6
Sentinel-1B 10/19/2018 Ascending C-Band 5.6
Sentinel-1B 10/31/2018 Ascending C-Band 5.6
Sentinel-1B 11/24/2018 Ascending C-Band 5.6
Sentinel-1A 08/12/2018 Descending C-Band 5.6
Sentinel-1A 08/24/2018 Descending C-Band 5.6
Sentinel-1A 09/05/2018 Descending C-Band 5.6
Sentinel-1A 09/17/2018 Descending C-Band 5.6
Sentinel-1A 10/11/2018 Descending C-Band 5.6
Sentinel-1A 10/23/2018 Descending C-Band 5.6
Sentinel-1A 11/04/2018 Descending C-Band 5.6

Table 5.1: SAR data sets used in the 2018 Kumamoto earthquake case study

12 locations are summarized in Table 5.2 and the plots are shown in Figure 5.3. Apart from
location 6 that has slightly large vertical and E-W displacements, the results are consistent
with the results derived from ALOS-2 data set and the fault model in Kobayashi et al. 2019
[44]. Therefore, this method indeed extracted useful information from the Sentinel-1A/B
data set even with low coherence.

Liquefaction at the Port of Tomakomai

The JGS survey team observed sand boils at landfills, the uneven subsidence of road, and
inclined sea revetment due to liquefaction everywhere at the outer periphery of the Tomato-
Atsuma Thermal Electric Power Plant located in Tomakomai [36] (Figure 5.4). But the civil
engineering structures inside the power plant had little serious damage due to the counter-
measures against liquefaction taken at the foundation. [36]. The GEER field reconnaissance
team observed minor settlement (typically 10 cm or less) and sand boils surrounding a light
tower at the East Tomakomai Port after the largest section of liquefaction-damaged port
facility pavement was removed [42] (Figure 5.5). The undeveloped field adjacent to the port
facility had widespread sand boils noted via UAV surveying [42](Figure 5.5b). Sand boils
were also observed on an undeveloped field where the Tomato-Atsuma Thermal Electric
Power Plant was in sight (Figure 5.6).

Due to the lack of persistent scatterer in the area where sand boils due to liquefaction
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Figure 5.2: The co-seismic LOS displacement map for persistent scatters on descending track
(Positive displacement is moving away from the satellite.)

Location ASC LOS (mm) DES LOS (mm) Vertical (cm) E-W (cm)
1 -31.4 -26.9 3.66 -0.47
2 -14.6 -11.6 1.64 0.30
3 -11.8 -26.3 2.44 1.13
4 -26.5 -68.6 6.11 3.30
5 -54.9 -86.5 9.00 2.29
6 -46.6 -149.0 12.67 8.00
7 -23.9 -97.6 7.92 5.79
8 -22.6 -88.6 7.26 5.15
9 -12.4 -83.9 6.36 5.64
10 -9.8 -74.7 5.61 5.11
11 -37.9 -111.3 9.72 5.58
12 -35.6 -59.7 6.11 1.64

Table 5.2: Co-seismic Vertical and E-W displacement from 3D decomposition at the 12
location in Figure 5.2 (Positive displacement is uplift and eastward displacement.)
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Figure 5.3: Co-seismic Vertical and E-W displacement plots from 3D decomposition at the
12 location in Figure 5.2 (Positive displacement is uplift and eastward displacement.)

Figure 5.4: Uneven subsidence of road due to liquefaction with sand boiling in Tomakomai
(photo taken by Watabe, Y., Hokkaido Univ.)
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(a)

(b)

Figure 5.5: (a) Minor settlement of concrete slabs. (b) Sand boils surrounding a light tower.
Sand boils near the southern seawall and in the container backyard. Sand boils in the
undeveloped area between the marine container facility and the HEPCO coal plant.(photos
taken by the GEER field reconnaissance team [42])
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Figure 5.6: Sand boils in an undeveloped area where Tomato-Atsuma Thermal Electric
Power Plant is in sight (photo taken by the GEER field reconnaissance team [42])

occurred, coherence-change method was selected to analyze liquefaction in this case study.
The Sentinel-1A data set used for the coherence-change analysis is summarized in Table
5.3. As discussed in Chapter 4, the key to coherence-change method is the normalized
coherence change threshold. 0.35 was set as the threshold for the study in Tomakomai
and the normalized coherence change map in Tomakomai is shown in Figure 5.7. The area
circled in blue circle at the bottom left of the map is where the minor settlement and sand
boils in Figure 5.5 were observed. The undeveloped field bounded in red lines adjacent to
the port facility on the map is where widespread sand boils were found by UAV surveying.
The Tomato-Atsuma Thermal Electric Power Plant on the map does not have pixel with
normalized coherence change larger than 0.35, which is consistent with the field observation
that little serious damage occurred to the civil engineering structure in the power plant. The
three areas with large normalized coherence change on the road adjacent to the power plant
and the coal plant are where the sand boils and uneven road settlement shown in Figure
5.4 occurred. The blue circle at the bottom right of the map again shows large normalized
coherence change in the area where sand boils in Figure 5.6 occurred. Overall, the results
from the coherence-change method are consistent with the field observations at the port of
Tomakomai.
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Satellite Time Flight Direction Band Wavelength (cm)
Sentinel-1A 08/24/2018 Descending C-Band 5.6
Sentinel-1A 09/05/2018 Descending C-Band 5.6
Sentinel-1A 09/17/2018 Descending C-Band 5.6

Table 5.3: SAR data sets used in the coherence-change analysis

Figure 5.7: Normalized coherence change map in Tomakomai

Liquefaction of levees near Mukawa Town

The GEER field reconnaissance team observed blue tarps on top of the flood control levees
north of Mukawa along the river that covered longitudinal cracks and vertical offsets [42].
Japanese researchers identified sand boils along the levee on the river side (Figure 5.8).

Coherence-change method was used in this case as well. The normalized coherence change
map in Mukawa is shown in Figure 5.9. 0.35 was selected as the normalized coherence change
threshold again. The area in orange circle is where the Japanese researchers observed sand
boils. The areas in blue circles are consistent with the locations of the blue tarps found on
the aerial photo taken in September 2018 in Google Earth (Figure 5.10). However, there
are areas with large normalized coherence change in the Mukawa town to the west of the
Mukawa River and the agricultural fields to the east of the Mukawa River. These areas are
generally covered by vegetation without evidence of liquefaction in the field. Therefore, the
vegetation affects the effectiveness of coherence-change method in identifying liquefaction
damaged areas near the Mukawa River.
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Figure 5.8: Sand boils observed by Japanese researchers (left). Blue tarps on top of the flood
control levee (right). (photos taken by the GEER field reconnaissance team [42])

Figure 5.9: Normalized coherence change map in Mukawa
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Figure 5.10: Blue tarps on top of the levee found on Google Earth image taken in September
2018

Flow liquefaction in Satozuka, Sapporo City

Volumetric collapse or liquefaction of pumice backfill below the area of Satozuka in Sap-
poro City led to a destructive flow slide [42]. The GEER field reconnaissance team ob-
served widespread evidence of vertical displacements, damages to structures, roadways, and
pipelines even though most of the flow-failure deposits had been removed by the time of the
reconnaissance (Figure 5.11) [42]. Apart from the flow failure in Satozuka, the JGS survey
team also found liquefaction damage in Kiyota 6-7 and Utsukushigaoka [36].

The three areas with liquefaction damage are marked on the normalized coherence change
map in Figure 5.12. Unlike the liquefaction case study in Kumamoto City, the normalized
coherence change is considerably smaller in Sapporo City. As a result, the normalized co-
herence change threshold can be lowered from 0.35 to 0.3. The coherence-change method
really shines in this case study because the area with flow-failure in Satozuka and the other
two areas with liquefaction damage in Kiyota and Utsukushigaoka have significant larger
normalized coherence change than their surrounding neighborhoods.

Liquefaction damage along subway lines in Sapporo City

The JGS survey team observed severe liquefaction induced settlement of the road above the
Namboku subway line around Kita 34 Station and the Toho subway line along the Higashi
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(a)

(b)

Figure 5.11: (a) Head scarp of the flow-failure (b) Older building with mat foundation on the
left and contemporary building with pile foundation on the right. Structures’ performance
highly depends on foundation design. (photos taken by the GEER field reconnaissance team
[42])
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Figure 5.12: Normalized coherence change map in Sapporo City where flow-failure occurred
(Liquefaction-damaged areas bounded in blue lines are from Ishikawa et al. 2021 [36])

15-chome Tonden street in Sapporo City [36]. The liquefaction damaged area above the
Namboku subway line is shown in Figure 5.13. The photos taken at the numbered locations
in Figure 5.13 two days after the earthquake are shown in Figure 5.15. Majority of the
damage was ground settlement on the Sapporo Shindo drive above the Namboku subway line.
The liquefaction damage situation along the Higashi 15-chome Tonden street above the Toho
subway line is shown in Figure 5.14. The photos taken at the numbered location in Figure
5.14 two days after the earthquake are shown in Figure 5.16. At location 5 and 6, large-scale
road settlement was observed with up to 1 m of settlement and exposed buried structure. At
location 7, medium-scale road settlement and long cracks along the road were observed. At
location 8-10, large-scale road collapse and inclination of road signs were observed. There
were also traces of sand boils. Further to the south, small-scale road settlement and sand
boils were observed [36]. In general, the liquefaction damage along the Higashi 15-chome
Tonden street above the Toho subway line includes road settlement at different scales and
sand boils. Ishikawa et al. 2021 [36] proposed that the damage on the roads was caused
by the liquefaction of the backfill soil (purchased clean sand) that was used for the subway
construction based on the the shallow ground water level (less than 3 m) and the column
diagrams near the affected area from the Geological and Geotechnical Information Database
G-Space II in Japan.

The normalized coherence change map in this area with field observed liquefaction-
damaged areas bounded by blue rectangles is shown in Figure 5.17. Normalized coherence
change larger than 0.3 is present at all locations with field observed liquefaction damage,
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Figure 5.13: Liquefaction damaged area above the Namboku subway line [36])

Figure 5.14: Liquefaction damaged area above the Toho subway line [36])
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Figure 5.15: Situation near Kita 34 Station two days after the earthquake (location corre-
sponds to the number in Figure 5.13) [36])
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Figure 5.16: Situation along the Higashi 15-chome Tonden street two days after the earth-
quake (location corresponds to the number in Figure 5.14) [36])

which further proves the effectiveness of coherence-change method at identifying liquefaction
damage. There is one more question about this case, can the PS analysis result reveal the
road settlement above the subway lines when persistent scatter density is sufficient in urban
area? The vertical displacements from 3D decomposition at the locations with settlement
in Figure 5.13 and Figure 5.14 are summarized in Table 5.4. Two cm of settlement is way
smaller than the smallest scale settlement observed in this area. Therefore, PS analysis with
Sentinel-1A/B data set is not suitable for resolving localized settlements on the road.

Landslides in Atsuma and Abira

The 2018 Hokkaido earthquake triggered over 6000 landslides in Atsuma and Abira, and 36
human lives were lost due to those landslides [70, 78]. As discussed in Chapter 4, the pixel
(dense) offset method is useful for revealing large displacement in a short period of time.
However, since ALOS-2 data set was not accessible for this case study, C-Band Sentinel-
1A/b data set was used to perform the pixel offset analysis. There is one problem for
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Figure 5.17: Normalized coherence change map of the area with liquefaction damage on
roads above subway lines

Location ASC LOS (mm) DES LOS (mm) Vertical (cm)
Kita 34 24.6 4.7 -1.83

Kita 47 - Kita 42 19.7 9 -1.81
Kita 42 - Kita 34 23.7 6.1 -1.87
Kita 34 - Kita 27 18.2 6.3 -1.54
Kita 27 - Kita 24 24.2 6.2 -1.90

Kita 16 28.0 2.4 -1.89
Kita 13 20.1 2.5 -1.41

Table 5.4: Vertical displacement from the PS analysis result at the locations with settlement
in Figure 5.13 and Figure 5.14 (Settlement is negative.)
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the Sentinel-1A/B data set in this analysis. The pixel width in the azimuth direction is
14 m for Sentinel-1A/B compared to the 2.34 m for ALOS-2, which means Sentinel-1A/B
has significantly worse resolution in the azimuth direction than ALOS-2. The pixel offset
analysis for Kumamoto case study in Chapter 4 has ALOS-2 data set on descending track
available. Therefore, azimuth pixel offset with Sentinel-1A data set is not required for the 3D
decomposition of the displacement. But for Hokkaido, at least one azimuth pixel offset with
Sentinel-1A/B data set on either ascending track or descending track is required. This is
not ideal because even small azimuth offset can cause huge change in the N-S displacement
component. The landslides in Yoshino village and Tomisato village were selected to test
whether the pixel offset method with Sentinel-1A/B data set works in mapping landslides
caused by the earthquake.

The landslide in the south of Yoshino village is shown in Figure 5.18a. The sliding body
buried the houses at the foot of the slope and caused the death of 36 residents. The elevation
of the slope was about 60 m with a 27-degree slope angle. The width of the translational
earth slide was 300 m and the surface soil was approximately 3 m of pumice. The deposit
soil at the foot of the slope has a high water content close to saturation [78]. The landslide
in the north of Yoshino village shown in Figure 5.18b caused no casualties but structures
and roads were buried. The mechanism of this landslide is similar to that at the south of
Yoshino village with a sliding width of 700 m [78]. The landslide at a water treatment plant
in Tomisato village is shown in Figure 5.18c. The elevation of the slope was about 50 m
with a 21-degree slope angle. The water tower and buildings of the water treatment plant
were buried by the deposit but did not collapse, which indicates the impact force of the slide
mass was not significant [78].

The vertical displacement map derived from the pixel offset analysis is shown in Figure
5.19. Horizontal and vertical displacements at ten locations on the sliding surface are marked
on the map (Vertical displacements are in parentheses.). The horizontal and vertical dis-
placements at these 10 locations cannot represent the movement of the sliding body or the
change of slope surface. This means not only the azimuth pixel offset from Sentinel-1A/B
data set makes the N-S displacement component unstable, the large displacement of the slid-
ing body also makes finding matching pixels between the co-seismic pair of satellite images
by cross-correlation overly difficult. As a result, the pixel offset method with Sentinel-1A/B
data set is not suitable for mapping landslides displacements caused by the 2018 Hokkaido
earthquake.

5.4 Discussion

Persistent Scattering analysis with low coherence Sentinel-1A/B data set is capable of reveal-
ing the centimeter-scale ground displacement near the fault ruptured in the 2018 Hokkaido
earthquake. This is because the displacement in this region is relatively small (within 10
cm) and the StaMPS method can achieve decent persistent scatterer density in mountainous
areas. However, PS analysis cannot show the localized road settlement above the subway
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(a)

(b)

(c)

Figure 5.18: (a) Landslide in Yoshino village (south) (b) Landslide in Yoshino village (north)
(c) Landslide in Tomisato village (water treatment plant [78]
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Figure 5.19: Vertical displacement map derived from the pixel offset analysis of Yoshino vil-
lage and Tomisato village (Horizontal displacement and vertical displacement in parentheses
are labeled at 10 locations on the sliding surface.)

lines in Sapporo City. Because the PS analysis result does not have enough resolution due
to the small persistent scatterer density on the road. Also the up to 1 m vertical offset at
some locations is way too large for C-Band radar with 5.6 cm wavelength.

Coherence-change method performs well in identifying the sand boils in Tomakomai, the
liquefaction damage on the flood control levee in Mukawa, the flow liquefaction in Satozuka,
and the liquefaction induced settlement and sand boils along the roads above subway lines
in Sapporo City. However, the coherence-change method is not suitable for identifying
liquefaction damage in Mukawa due to the fact that some other areas with vegetation also
have large normalized coherence change even though there is no evidence of liquefaction
in the field. Different normalized coherence change thresholds were used in Sapporo City,
and the rural areas like Tomakomai and Mukawa. Which further proves the importance of
finding the optimum threshold for different locations and data sets.

Pixel offset method with Sentinel-1A/B data set completely fails at mapping the dis-
placement of landslides caused by the earthquake. There are two possible reasons: 1. The
low resolution of the azimuth pixel offset result from Sentinel-1A/B data set makes the N-
S displacement component derived from the pixel offset result unstable; and, 2. It is too
difficult for cross correlation method to find matching pixels on the sliding body of shallow
landslides between the co-seismic pair of satellite images.
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Chapter 6

Conclusion and future work

6.1 Conclusions on the effectiveness of the four

InSAR analysis methods on earthquake-induced

liquefaction analysis

After testing the four InSAR analysis methods introduced in Chapter 2 in the three case
studies, the following conclusions can be drawn regarding the effectiveness of each method:

• The effectiveness of the conventional Differential InSAR (DInSAR) method highly
depends on the characteristics of the displacement it tries to recover. The meter scale
Greendale fault movement and the decimeter scale Port Hills fault movement in the
Canterbury case study (Chapter 3) can be successfully revealed by DInSAR method
with L-Band ALOS-1 data set (22.9 cm wavelength) for two reasons: 1. The Greendale
fault movement is almost in the E-W direction and the majority of the Port Hills
fault movement is in the vertical direction. DInSAR method has low sensitivity to the
displacement in N-S direction because it cannot detect the displacement in the azimuth
direction without additional operations. Therefore, the Futagawa fault rupture and
the lateral displacement in Aso Valley in the Kumamoto case study (Chapter 4) are
not ideal to analyse with DInSAR method because both displacements have large
components in the N-S direction; and, 2. The scale of the displacement and the size
of the region where the displacement occurred are within the capability of L-Band
ALOS-1 data set. The length of the Greendale fault and the Port Hills fault traces
are both over 10 km, which means the width of the color fringes that represent meter
scale displacement with L-Band data set on the interferogram is big enough to be
recognized by phase unwrapping algorithms. Thus, correct displacement in the LOS
direction can be recovered. The lateral spreading displacement along the Avon River
and in Kaiapoi (Chapter 3) are in the meter scale on river banks that are less 500 m
wide. The color fringes in these areas on the interferogram are compressed and then
the detailed fringes will be smoothed out by the filtering of the interferogram before
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phase unwrapping. As a result, much smaller LOS displacement will be output from
phase unwrapping algorithms. Even worse, large displacement in a small area can
cause decorrelation, which makes phase unwrapping impossible. In addition, DInSAR
method is not suitable for analyzing overly localized displacement like the differential
settlements of the buildings in the Christchurch CBD caused by the 2011 Christchurch
earthquake (Chapter 3). Because the DInSAR analysis result does not have enough
resolution due to the pixel spacing and the pixel size of the SAR image.

• The pixel offset method is excellent for analysing large displacement in a short period
of time. And it can output displacement in two directions (the range and azimuth
direction), which makes the 3D decomposition of displacements much easier because
one pixel offset result on the ascending track and another on the descending track can
provide 4 known displacement components that are more than enough to solve the three
unknown displacement components in the E-W, N-S and vertical direction. There is
one downside of this method: pixel offset method can only output displacement in the
unit of pixel. Therefore, the resolution of pixel offset method highly depends on the
pixel size of SAR images. ALOS-2 has pixel size of 1.43 m by 2.34 m in the range and
azimuth direction. Sentinel-1A/B has pixel size of 2.5 m by 14 m in the range and
azimuth direction. The general consensus is that pixel offset method has resolution
up to 1/10th of a pixel. ALOS-2 data set is great for pixel offset analysis due to the
high resolution in both range and azimuth direction. However, the azimuth offset from
Sentinel-1A/B data set should be avoided. The hybrid pixel offset analysis with range
offset from Sentinel-1A on ascending track, range and azimuth offset from ALOS-2
on descending track is capable of revealing the Futagawa fault offset and the lateral
displacement in Aso Valley in the Kumamoto case study (Chapter 4). However, the
pixel offset analysis using only Sentinel-1A/B data set completely failed in mapping
the displacement of landslides caused by the 2018 Hokkaido earthquake (Chapter 5).
On the one hand, small azimuth offset with Sentinel-1A/B data set can heavily affect
the N-S component of the displacement. On the other hand, the huge and chaotic
landslides displacement might create a big challenge for cross correlation method to
find matching pixels between the co-seismic pair of SAR images.

• The coherence-change method is a great option for identifying liquefaction damage,
because sand boils, lateral spreading, ground settlement and flow failures can all cause
large coherence loss from a pre-seismic interferogram to a co-seismic interferogram. It
also requires the least amount of computing resources because no phase unwrapping
of interferogram or template matching with cross correlation is needed. Coherence-
change method achieved excellent results in both rural areas (Aso Valley in Chapter 4,
and Port of Tomakomai, Mukawa in Chapter 5) and urban areas (Kumamoto City in
Chapter 4 and Sapporo City in Chapter 5). The key to coherence-change method is the
normalized coherence change threshold. This threshold can vary at different locations
and with difference SAR data sets. For the case studies in this thesis, the threshold
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is calibrated based on the field observed liquefaction-damaged areas. However, it can
be tricky to find the optimum threshold in real life application when prior information
about field observed liquefaction is not available. One potential solution is to find
some locations with liquefaction damage in high probability by the identification of
liquefaction signs (sand boils, ground cracks parallel to rivers etc.) on aerial images
and the existing liquefaction triggering analysis ahead of the field reconnaissance, and
then the normalized coherence change threshold can be calibrated based on these loca-
tions. The coherence-change analysis result can then provide useful guidance to field
reconnaissance teams on where to find liquefaction damage.

• The persistent scattering analysis can generate time series displacement plots for per-
sistent scatterers when the coherence is too low for phase unwrapping the entire in-
terferogram. Persistent scattering analysis with Sentinel-1A/B data set revealed the
ground displacement near the epic center of the 2018 Hokkaido earthquake (Chapter 5)
where the vertical and E-W displacement on the ground surface were less than 10 cm.
However, the same analysis failed to recover the server road settlement on top of the
Namboku and Toho subway lines in Sapporo City (Chapter 5). First of all, PS analysis
cannot recover displacement beyond the capability of C-Band Sentinel-1A/B data set.
Phase unwrapping algorithms cannot count the fringes between persistent scatterers
on interferograms if the density of the persistent scatterers is not high enough, which
causes the underestimate of displacements. Secondly, large local deformation can cause
the absence of persistent scatterers due to low coherence and phase instability. In ad-
dition, the 3D decomposition of displacements with PS analysis is tricky because the
locations of persistent scatterers are different between the ascending track and the de-
scending track. Now, with ARIA tool and MintPy gaining popularity, short baseline
method (SBAS) is preferred for time series analysis when high quality SAR data set is
available. But neither of the two Japan case studies in this thesis has ARIA GUNW
product available. That is why PS analysis was selected for the Hokkaido case study
(Chapter 5).

6.2 InSAR workflow for analysing

earthquake-induced liquefaction

Based on the conclusions of these studies, the InSAR workflow for earthquake induced liq-
uefaction analysis was constructed as shown in Figure 6.1. The details on how to perform
these analysis are included in Appendix A.
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Figure 6.1: InSAR workflow for earthquake induced liquefaction analysis (ISCE2 is the
second iteration of the InSAR Scientific Computing Environment developed by JPL.)
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6.3 Future work

The biggest shortcoming of this thesis is that the short baseline time series analysis (SBAS)
with ARIA tool and MintPy was not tested for earthquake induced liquefaction analysis
because the ARIA GUNW product is not available for either the Kumamoto case study or
the Hokkaido case study. ARIA GUNW product is an open-source standardized InSAR dis-
placement product derived from Sentinel-1 SAR data and packaged as netCDF4 files [3]. Its
compact size solves the memory issue of time-series analysis with a large number of interfero-
grams. Since it is already a displacement product of SAR image pairs, no InSAR processing
is required for time series analysis. ARIA tool provides the functionality of downloading
and processing ARIA GUNW products and generates outputs that are compatible with
third-party time-series InSAR packages like ”Miami InSAR Time-series software in Python”
(MintPy) [7]. MintPy is an open-source package for InSAR time-series analysis with small
baseline method (SBAS) [75]. Both ARIA tool and MintPy are designed to work within
the InSAR Scientific Computing Environment (ISCE). Therefore, it is recommended as a
good practice to analyse an earthquake with liquefaction damage using the ARIA GUNW
products available in the near future.

The NASA-ISRO SAR (NISAR) Mission is planned to launch in 2024 (Figure 6.2). As
the next chapter of SAR mission, NISAR has the following advantages:

• It will be the first radar in space to have two radar frequencies (L-Band: 24 cm
wavelength operated by NASA, S-Band: 9 cm wavelength operated by ISRO) which is
excellent for monitoring ground displacements in different scales.

• It will observe Earth, land and ice-covered surfaces globally with 12-day return period
on both the ascending track and the descending track.

• All of its data sets will be free and open.

Currently, the third iteration of InSAR Scientific Computing Environment (ISCE3) to work
with NISAR products is in the works. This marks the standardization of InSAR analysis
workflow in the near future. Which means it will be easier to learn by researchers with
different backgrounds globally. NISAR will certainly bring new life to InSAR research. It
is exciting to look forward to work with NISAR data sets and the new ISCE3 framework
starting from next year.
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Figure 6.2: Artist Rendering of NISAR from NISAR official website
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Appendix A

Manual for InSAR Liquefaction
Analysis Workflow

A.1 Find SAR data set

The most commonly used website for accessing SAR data set is ASF Vertex Data Search
(https://search.asf.alaska.edu/). The screenshot of the website is shown in Figure A.1.
From this website Sentinel-1A/B, part of the ALOS-1, ERS and some other SAR data sets
can be searched and downloaded. The area of interest, time span and the SAR product type
need to be specified for data search. For InSAR time series analysis with ARIA tools and
MintPy, the ARIA GUNW products are also hosted by Alaska Satellite Facility (ASF).

If the SAR data set for the research cannot be found on ASF’s website, there are other
websites as well. For example, ENVISAT data set can be accessed from European Space
Agency (ESA)’s website, and ALOS-1, ALOS-2 data set can be purchased from JAXA if the
cost fits the budget. Note that the common file types for InSAR analysis are Level 1.0 raw
product and Level 1.1 single look complex (SLC) product.

A.2 ISCE2 workflow

InSAR Scientific Computing Environment (ISCE2) developed by NASA Jet Propulsion Lab-
oratory (JPL) is the most mature InSAR processing package at present. The best way to
access ISCE2 is using the docker image built by Alaska Satellite Facility (ASF). The tuto-
rial of installing this docker image can be found from ASF OpenSARLab’s GitHub (https:
//github.com/ASFOpenSARlab/opensarlab-docker/tree/main/unavco2022). Note that
this docker image does not support Mac system with Apple silicon at the moment.

ISCE2 has stripmap and tops mode processing built in. It is also built to work with
ARIA tools and MintPy for SBAS time series analysis. Since ISCE2 is implemented in
Python, there are other Python scripts for generating interferogram stacks contributed by
community members. The atmospheric phase correction and pixel offset method are built

https://search.asf.alaska.edu/
https://github.com/ASFOpenSARlab/opensarlab-docker/tree/main/unavco2022
https://github.com/ASFOpenSARlab/opensarlab-docker/tree/main/unavco2022
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Figure A.1: ASF Vertex Data Search Website

in ISCE2 that need to be activated in the configuration file (.xml file). There is a free
short InSAR processing course hosted by UNAVCO every year (https://www.unavco.
org/event/2022-short-course-insar-processing-analysis-isce/). This is a great
start for learning how to use ISCE2. The video recordings of the past courses can be
found at UNAVCO’s YouTube channel (https://www.youtube.com/@unavcovideos). It
is recommended to watch the videos of the past courses and work through the Jupyter
notebooks on Geo-SInC’s GitHub (https://github.com/parosen/Geo-SInC/tree/main/
UNAVCO2022) before participating the short course.

ISCE2 is open source and easy to use with Jupyter notebook. But there are several points
to be careful about when using ISCE2:

• Be careful about the configuration file for SAR images. Different satellites may have
different formats.

• Check the result after ionosphere phase correction. If the result does not make sense,
tune the parameters within the configuration file.

• Tune the parameters of pixel offset method to get better results even though the
result with default parameters is usually decent. But there is one downside, the pixel
offset method built within the StripMapApp.py does not have geocoding functionality.
Geocoding needs to be done manually afterwards in post processing softwares.

https://www.unavco.org/event/2022-short-course-insar-processing-analysis-isce/
https://www.unavco.org/event/2022-short-course-insar-processing-analysis-isce/
https://www.youtube.com/@unavcovideos
https://github.com/parosen/Geo-SInC/tree/main/UNAVCO2022
https://github.com/parosen/Geo-SInC/tree/main/UNAVCO2022
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• Check the connected component product generated by phase unwrapping to have a
better understanding on the quality of phase unwrapping. This is a crucial step before
using the phase unwrapping results for displacement analysis.

• Relative displacement is more useful for InSAR analysis. Select the appropriate refer-
ence points for different areas of interest. The rule of thumb is that the reference point
must be stable and relatively close to the area of interest. The reference point is also
crucial for getting rid of local tectonic displacements.

A.3 PS analysis workflow

After downloading the SAR data sets for PS analysis (Note that this workflow only works
with Sentinel-1A/B data sets at the moment.), the pre-processing is performed in the
SAR processing software named SNAP created by ESA (https://step.esa.int/main/
download/snap-download/). SNAP2STAMPS (https://github.com/mdelgadoblasco/
snap2stamps) is a useful package for automating the preprocessing within SNAP and gener-
ating the products that are compatible with StaMPS. Manual preprocessing in SNAP is only
needed for the master image selected by the ”InSAR Stack Overview” function of SNAP. Af-
terwards, the preprocessing of other SAR images can be done automatically with the python
scripts in SNAP2STAMPS. The final output of SNAP2STAMPS should contain four folders:
rslc, diff0, geo and dem.

StaMPS (https://github.com/dbekaert/StaMPS) is implemented to work within MAT-
LAB. Before feeding the output of SNAP2STAMPS to StaMPS, the mt prep snap script
must be run first to finish the final preparation before the StaMPS analysis. Follow the
steps 1 to 7 of StaMPS, and then the average velocity map of all the persistent scatterers in
mm/yr can be generated with the command: ps plot(’v-do’. ’ts’). The LOS displacement
time series plot of a certain location can be generated by clicking on the map. Note that the
reference point must be set before this step.

The tutorial on how to prepare the environment for StaMPS analysis and the detailed pro-
cessing steps is created by a community contributor named Gijs on the step forum (https://
forum.step.esa.int/t/documentation-on-snap-stamps-workflow/17775). Apart from
the content of this tutorial, there are some extra points to be careful about on this workflow:

• It is recommended to perform this entire workflow on Linux. Ubuntu 20.04 LTS is the
best option for Linux because it is the latest version without leading to errors related
to C compiler version.

• Remember to make the change shown in Figure A.2 before using SNAP2STAMPS.

• To avoid issues related to the version of packages, Conda is a useful tool for creating
appropriate processing environments in different scenarios.

https://step.esa.int/main/download/snap-download/
https://step.esa.int/main/download/snap-download/
https://github.com/mdelgadoblasco/snap2stamps
https://github.com/mdelgadoblasco/snap2stamps
https://github.com/dbekaert/StaMPS
https://forum.step.esa.int/t/documentation-on-snap-stamps-workflow/17775
https://forum.step.esa.int/t/documentation-on-snap-stamps-workflow/17775
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Figure A.2: Modification required before using SNAP2STAMPS

• It is important to check whether the result of StaMPS makes sense. If not, get rid of
the problematic scenes and re run the analysis.

A.4 Post-processing in QGIS workflow

QGIS is a free open source GIS software (https://qgis.org/en/site/). QGIS’ function-
ality is on the same level as ArcGIS but the operation in QGIS has more freedom because
it is open source. All the post-processing work of this research was done by QGIS. The key
step is to convert the products from ISCE2 and StaMPS to the format that is compatible
with QGIS.

All the outputs from ISCE2 (coherence, unwrapped phase, LOS displacements, incidence
angle etc.) can be converted to GeoTIFF format with the gdal translate function in the
GDAL package (https://gdal.org/). Then the GeoTIFF file can be read by QGIS by
adding raster layer.

As stated in Chapter 5, some modifications was made to the StaMPS analysis in this
research. To output the co-seismic LOS displacement of all persistent scatterers in CSV
format, the MATLAB script shown in Figure A.3 was used. Note that the indices of the
co-seismic scenes need to be adjusted in different projects. QGIS can then read the CSV file
by adding delimited text layer.

Within QGIS, the calculation with raster data set is performed with raster calculator and
the calculation with vector data set is performed with field calculator. the combination of
different tools within QGIS can realize many powerful functions like the 3D decomposition
of LOS displacements. It is also important to learn how to create maps with QGIS since it
is the best way to present the final results.

The 3D decomposition of LOS displacements in PS analysis must be formed manually
as discussed in Chapter 5. One example of the python script can be found here https:

//colab.research.google.com/drive/17EpjowqOY_sE2cAmu2mPPmjilZFNe1e_. The inci-
dence angle and the LOS displacements on the ascending and descending track can be
extracted from QGIS with the identify feature tool.

https://qgis.org/en/site/
https://gdal.org/
https://colab.research.google.com/drive/17EpjowqOY_sE2cAmu2mPPmjilZFNe1e_
https://colab.research.google.com/drive/17EpjowqOY_sE2cAmu2mPPmjilZFNe1e_
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Figure A.3: MATLAB script used to generate outputs in CSV format

Finally, the georeferencer tool in QGIS can help solving the problem that pixel offset
method in StripMapApp.py does not have the geocoding functionality. Georeferencer is also
a powerful tool to overlay existing maps to the InSAR analysis results. There are a lot more
functions in QGIS that are not covered by this manual. It is a good practice to explore new
functions that can make the post-processing work more efficient.
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