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Abstract

This thesis contributes towards understanding of Interferometric Synthetic Aper-
ture Radar (InSAR) measurements at high latitudes. Luossavaara-Kiirunavaara
Aktiebolag (LKAB) mining company, the sponsor of this Ph.D. research, intends
to use the InSAR techniques for subsidence measurements around the Kiruna
underground iron ore mine. The Kiruna underground iron ore mine is located in
direct proximity to the city of Kiruna, with the active mining area currently about
1 km west of the city center (67°5120"” N, 20°13'30"” E). At present LKAB is ex-
ploring the possibility of using InNSAR measurements as an operational technique
for subsidence measurements. High latitudes InSAR measurements are known to
be particularly affected by long periods of ground snow cover that contributes to

temporal de-correlation between subsequent radar images.

The objectives of this Ph.D. research are (1) to quantify the seasonal effects in
InSAR measurements and (2) to identify techniques to improve the high latitude

InSAR measurements.

In this research study, spatial coherence was used to quantify the seasonal effects
in the Differential InNSAR (DInSAR) measurements for Kiruna region. A compari-
son between Static Global Positioning System (Static-GPS) and Corner Reflector
InSAR (CRInSAR) measurements were carried out to quantify the seasonal ef-
fects in CRInSAR measurements. Spatial ground deformation patterns were used
to improve the DInSAR measurements. A theoretical analysis for compact active
transponders (CAT) was carried out to improve the North-South InSAR measure-
ments. DInSAR, CRInSAR and Coherent Target Monitoring (CTM) techniques
were used to evaluate the applicability of InSAR techniques for high latitude min-

ing induce deformation measurements.

The results show seasonal variations in DInSAR, CTM and CRInSAR measure-

ments. Furthermore, DInSAR measurements around the Kiruna iron ore mine can
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be improved up to sub-centimeter accuracies by using the spatial ground defor-
mation patterns. Also, the compact active transponders identified as a possible

candidate to improve the accuracy of the North-South InSAR measurements.

It is concluded that, all InNSAR techniques (DInSAR, CTM and CRInSAR) were
affected by the winter snow condition, and only the summer (snow-free) months
are suitable for ground deformation measurements. Moreover, the study shows
that without the winter images still it is possible to achieve accurate CTM and
CRInSAR time series estimations for Kiruna. The East-West vector is the least
noisy deformation vector, and both East-West and vertical vectors can be used
to determine the LKAB environmental criterion. At present, every year, LKAB
is acquiring 45 Radarsat-2 images from three beam modes. However, this study

shows that less than 35% of those data are useful for subsidence measurements.
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Chapter 1

Introduction

Spaceborne interferometric synthetic aperture radar is now a well established tech-
nique used for ground subsidence measurements, terrain deformations measure-
ments and landslide measurements with many advantages over the conventional
techniques. In late sixties, InNSAR was first used for planetary observations [2].
Later, in 1974 Graham [3] and, in 1986 Zebker at el. [4] used InSAR to pro-
duce topographic maps. The use of differential Interferometric SAR (DInSAR)
for centimeter accuracy surface deformation mapping was first demonstrated by
Gabriel et al. in 1989 [5]. Moreover, in 1993, for the first time, Massonnet at al.
used InSAR to detect the coseismic displacement field of an Earth earthquake [6].
The InSAR technique measures the ground movement in the line-of-sight direction
to the satellite. The Interferometric SAR technique depends on the backscatter-
ing signal and thus needs to have strong and stable backscatters to achieve good
results. The extreme winter conditions in high latitudes is a major disadvan-
tage for InNSAR techniques. Most of the backscatters disappear due to the thick
snow cover which in turn leads to high noise disturbance signals in the interfer-
ometric measurements. Also, all available SAR satellites are in polar orbits and
therefore the line-of-sight measurements are more sensitive to East-West ground
movements than the North-South ground movements. In past, InSAR has been
used to measure the mine induced subsidence at low latitudes [7-10] but there are
no comprehensive investigations carried out for high latitude underground mines.
Therefore, it is important to improve our understanding on high latitude InSAR
measurements, to identify the InSAR limitations and to investigate the InSAR

applicability to this region.
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1.1 The industrial problem

Luossavaara Kirunavaara Aktiebolag (LKAB) mining company, the sponsor of
this Ph.D. research, runs the world’s largest underground iron ore mine. This
mine is located in direct proximity to the city of Kiruna, with the active mining
area currently about 1 km west of the city center (67°51'20” N, 20°13'30” E).
The sublevel caving [11] method is used at the Kiruna mine to extract iron ore. In
sublevel caving, the blasted ore is always falling to the lower level. Because of that
the overlying host rock fractures, caves and fall into the ore body to fill the void.
In a steep ore body the side of the ground rock overlying the orebody is known as
the hangingwall. And the side of ground rock underlying the iron orebody, which
is called the footwall. During sublevel caving, ground subsidence mainly occurs

on the hangingwall side (Figure 1.1).

Subsidence area
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FIGURE 1.1: Surface deformation zones at mines with sublevel caving mining
method [1].

Since 2003, LKAB has been using Global Positioning System (GPS) techniques
to measure the subsidence at both the hangingwall and footwall sides [12]. The
Static-GPS technique (Static-GPS) with one reference station was used between
2003 and 2009. Since then, LKAB has been using the Static-GPS technique with
three reference stations. The Static-GPS subsidence measurements have been
thoroughly investigated [12] and a well maintained Static-GPS subsidence mea-

surement dataset dating back to 2003 is, therefore, available for the Kiruna region.
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Many challenges must be overcome when using the GPS technique. One such chal-
lenge consists of the installation of a large number of measurement points to obtain
good spatial coverage. This installation also increases the required manpower for
surveying. Furthermore, conducting a GPS survey in harsh winter conditions at

high latitudes with a thick ground snow covering is difficult.

1.2 Environmental criterion limit

The Environmental criterion limit is used to identify the boundary for the LKAB
industrial area. Therefore, the ground deformation outside the LKAB industrial
area should be less than Environmental criterion limit. The Environmental crite-
rion limit is defined as maximum allowed strain limit in the horizontal direction

as 0.3 % or maximum allowed strain limit in the vertical direction as 0.2 %.

50 m
Ma)i 15 cm

Max 10 cm

FIGURE 1.2: Environmental criterion limit

For an example if we consider two points on the ground ( A and B ) and if
these points are 50 m apart from each other, then the maximum allowed ground
deformation (Environmental criterion limit) should be 15 c¢m in the horizontal

direction or 10 c¢m in the vertical direction (Figure 1.2).
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1.3 Kiruna InSAR measurements

Stable scatterers in the region of interest (ROI) are essential for InNSAR monitoring.
The Kiruna region features vast areas without stable natural scatterers due to the

snow cover in winter and the thick vegetation in the summer.

In 2010, a corner reflector network comprising 60 corner reflectors (CRs) were
installed in Kiruna to measure subsidence using InSAR, and in 2013, another 24
CRs were installed to expand the CR network. The corner reflector INSAR mea-
surement (CRInNSAR) is a proven technique that uses CRs as highly coherent point
targets, especially when stable natural scatterers are unavailable in the ROI. A
protective shield was fitted to prevent snow accumulation inside the corner reflec-
tors. However, it is observed that up to 8 cm snow layer can be accumulated on top
of these shields during winter. Also, InSAR provides line-of-sight measurements.
However, the ground movement around the Kiruna mine is three-dimensional and
therefore LKAB is expecting to achieve three-dimensional InSAR measurements.
For the period of October 2009 to Octorber 2014, LKAB was acquiring a total of

225 Radarsat-2 images from three beam modes.

1.4 The academic goals

The academic goals of this thesis are,

1. To quantify the seasonal effects in InSAR measurements.

2. To identify techniques to improve the high latitude InSAR measurements.

1.5 Contributions of this dissertation

Some of the novel aspects of this Ph.D. study involve,

1. Quantifying the seasonal effects in the DInSAR measurements for Kiruna

region.

2. Quantifying the seasonal effects in CRInSAR measurements.
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3. Improving DInSAR measurements using spatial deformation patterns.

4. Introducing compact active transponders to improve the North-South InSAR

measurements.

1.6 Outline of this dissertation

The literature survey has been carried out to understand the InSAR techniques, as
well as the new developments in this field. Interferograms were analyzed to identify
and quantify the phase uncertainty taking place due to seasonal variations, and the
results were presented in the Chapter 3. Chapter 4 presents seasonal effects in the
corner reflector INSAR measurements. Chapter 5 presents a method to improve
the DInSAR measurements by using spatial deformation patterns. Chapter 6
presents a novel technique to improve the North-South InSAR measurements.
Chapter 7 presents the INSAR measurements at Kiruna city and around Kiruna
underground iron ore mine. Chapter 8 presents the Discussion, and Chapter 9

presents the Conclusion.






Chapter 2

Literature Survey

2.1 Introduction to Radar

Radar is a method of using Electromagnetic waves to detect the existence and
position of an object. The word “radar” is derived from the words RAdio Detection
And Ranging. The radar equation can be written in few different ways and the

general range equation can be written as [13]:

Pr _ PangUAetint (21)

(4m)2 R
where, P, is the received signal energy, Py, is the average transmitted power, G
is the antenna gain, A, is the effective antenna area, o is the radar cross section

of target, t;,; is the integration time, and R is the range.

2.1.1 Signal-to-Noise Ratio (SNR)

Signal to Noise Ratio (SNR) is a crucial parameter of a radar system which express
the desired signal to the level of background noise. The SNR of a SAR signal is
often presented as the SNR of the SAR image. SNR of SAR image gives the desired

amount of transmitted power to achieve the required level of image quality.
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2.1.1.1 SNR for clutter

The distributed features in the SAR image is called as clutter and the SNR for

clutter can be calculated as follows [14]:

P, .G*\3c%
N clutter — e ; 2.2
SN Retur 25673 RBK T By F, L,V sin 6 (2:2)

where, Py, is the average transmitted power, G is the antenna gain, A is the radar
wavelength, ¢¥ is the terrain reflectivity (normalized per square meter), ¢ is the
speed of light, R is the range to reflector, K is the Boltzmann’s constant, 7" is the
temperature of receiver, By is the transmitted signal bandwidth, F}, is the receiver
noise figure, Ly is the system losses, V' is the platform velocity and 6; is the beam

incidence angle.

2.1.1.2 SNR for target

The discrete objects in the dimension of the SAR resolution or finer called as
targets, and the SNR for the target calculate as follows [14]:

PrE,T,G*\2o,c
2563 REKT By F,, L,V prpa

SN Riarget (2.3)
where, p, is the slant range resolution, p, is the azimuth resolution, Pr is the
transmitted power, F, is radar pulse repetition frequency (PRF) and T, is the

duration of the transmitted pulse.

2.2 Introduction to Synthetic Aperture Radar

Synthetic Aperture Radar (SAR) is a form of radar, which uses advanced signal
processing techniques and movement of a smaller antenna to simulate a larger

antenna and this will make a narrow radar beam thus leads to higher resolution
[14].
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FIGURE 2.1: Radar data acquisition geometry [14].

Figure 2.1 present a typical synthetic aperture radar acquisition geometry. The
SAR system produces a two-dimensional image where one dimension in the image
is called as range. Range is the “line-of-sight”distance from the radar antenna
to the ground (or the target). The range is achieved by the SAR system by
measuring the time from transmission of a pulse to receiving the echo from the
target. The range resolution depends on the transmitted pulse width. The other
dimension is called azimuth is measured along the track direction. The azimuth
resolution depends on the size of the aperture of the antenna that needs to focus
the transmitted and received energy into a sharp beam. In SAR systems, this
large aperture is synthesized by using the spacecraft movement and advanced

signal processing techniques [14].

2.2.1 Backscatter image

Backscatter is the portion of the outgoing radar signal that the target redirects
directly back towards the radar antenna [15]. The backscatter image can con-
tain both phase and magnitude information or only the magnitude information
depending on the sensor configuration. High backscatter targets appear as bright
in the backscatter image, and low backscatter targets appear in dark. Figure 2.2

(left) shows a C-band airborne SAR backscatter image of Paris city.



Chapter 2. Literature Survey 10

2.2.2 Multi-looking/Look averaging

Radar echoes of the distributed scatter targets will produce the speckle noise in
SAR images. The speckle noise will reduce the ability of separating the distributed
targets in the image. Multi-looking is combining pixels by averaging. By multi-
looking the speckle noise can be reduced from the image. The multi-looking will
improve the radiometric resolution of the image but it will reduce the number of

pixels in the image and the geometric resolution of the image [16].

FiGure 2.2: Multi-looking method applied on an image acquired by the air-
borne SAR over Paris city [17].

Figure 2.2 (left) shows a single look radar image acquired by the airborne C-band
SAR (Sethi) over Paris city. Single look image resolution (range x azimuth) is 3
x 3 m. Figure 2.2 (middle) shows the 2 x 2 multi-look image (2 looks in azimuth,
2 looks in range). The image resolution is 6 x 6 m. Figure 2.2 (right) shows the 3
x 3 multi-look image (3 looks in azimuth, 3 looks in range). The image resolution
is9x9m [17].

2.2.3 Stripmap SAR

In the Stripmap SAR mode, the antenna pointing direction is held unchanged as
the radar platform moves. the beam sweeps along the ground at an approximately
uniform rate and a contiguous image is formed. A strip of ground is imaged, and
the length of the strip is only limited by how far the sensor moves or how long the

radar is left on. The azimuth resolution is governed by the antenna length [14].
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FIGURE 2.3: Radarsat-2 beam modes [18].

Figure 2.3 shows the Stripmap mode [18]. Apart from Stripmap SAR mode,
ScanSAR, SpotlightSAR, InverseSAR and BistaticSAR modes are also available.
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2.3 Interferometric SAR (InSAR)

Spaceborne InSAR is a well established method of measuring land subsidence/-
ground deformations. Over the past few years, the InSAR technique has been
developed into a fully operational technique that can deliver an accuracy better
than 1 cm/year [19, 20]. The InSAR measurement relies on the presence of scat-
terers that have stable properties over the timescale of interest. There are several
InSAR techniques that can be used to measure the ground deformation based
on the spatial and temporal availability of these scatterers. The simplest InSAR
technique is the DInSAR technique, which can deliver an accuracy of approxi-
mately 1 cm/year [19]. This technique works well in barren flat landscapes where
a large number of spatially distributed scatterers are available. The DInSAR tech-
nique required minimum of two satellite images to produce an interferogram and a
digital elevation model (DEM) to remove the topography. Low-pass filtering tech-
niques are used to remove the atmospheric effects from the interferogram. InSAR
time series measurement techniques (Persistent Scatterer InNSAR (PSInSAR) [21],
Coherent Target Monitoring (CTM) [22] etc.) were developed to achieve higher
measurement accuracies in areas where natural or man-made individual scatterers
are available. These techniques can deliver accuracies better than 5 mm/year. It
is also recommended that obtaining more than 15 images is necessary for these
techniques [23]. These techniques require visibility of the targets throughout the
interferogram stack [23]. When there are no natural or man-made scatterers, ar-
tificial radar reflectors (known as corner reflectors) can be used as radar targets,
and with the usage of corner reflectors, accuracies better than 3 mm/year can be
achieved [24].

2.3.1 Differential Interferometric Synthetic Aperture Radar

DInSAR is a technique that measures surface deformation using complex SAR im-
ages. Depending upon the number of SAR images used, the DInSAR technique can
be classified into three different categories, which are 2-pass interferometry, 3-pass
interferometry and 4-pass interferometry [25]. In 2-pass interferometry, two SAR
images are used to generate the interferograms, and an external digital elevation
model (DEM) is used to remove the topographic effects. In 3-pass interferometry,
three SAR images are used, with two images used to generate the DEM, and the

interferogram is generated by combining the unused SAR image with one of the
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two other images. In 4-pass interferometry, four SAR images are used, with two
images used to generate the interferograms and the remaining two used to gen-
erate the DEM. The interferometric phase is related to the imaging path length.
The imaging path length depends on several factors, such as atmospheric delay,
ground deformation, topography, orbital changes and thermal noise in the sensor
as well as, in the arctic, the ground snow cover. The phase components of the

interferometric phase can be written as:

O = q)def + cI)topo + q)orb + q)atm + q)snow + (I)’rwise (24)

where ® is the phase difference calculated from the two complex SAR images
(from the interferogram), ®g4es is the phase difference due to the deformation of
the ground, ®,,,, is the topographic phase and flat earth phase, ®,,, is the phase
due to the incorrect baseline measurements, ®;,, is the phase due to atmospheric
water vapour, @, is the phase due to the ground snow layer and ®,,.;, is the

phase due to the thermal noise in the system.

In InSAR deformation measurements, interferometric processing is performed to
preserve the interferometric phase related to the ground deformation and to re-
move any other additional phase components. The accuracy of the deformation
measurements will depend on the precision used to remove these additional phase

components.

2.3.2 2-pass DInSAR processing steps

Following are the main steps in the two pass differential interferometry processing,

1. Selecting two complex SAR images over an area with nearly identical acqui-

sition geometry.

2. Co-registering the two images and digital elevation model (DEM) with each
other.

3. Multi-looking the images to reduce the spatial noise (if necessary).

4. Forming raw (initial) interferogram by multiplying the first image with com-

plex conjugate of the second image.
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5. Removing the topographic and flat earth phase from the raw interferograms

by using an external DEM and SAR image orbital parameters.
6. Baseline optimization to correct any baseline errors.

7. Atmospheric phase screen generation (APS) for interferograms (optional

step).

8. Selecting the region of interest (ROI) and preparing a subset of interfero-

grams (if necessary).
9. Removing atmospheric noise from the interferogram.
10. Filtering, masking (low coherence areas) and unwrapping the interferogram.
11. Calculating the reference phase and subtracting from the interferogram.

12. Creating deformation maps by converting line-of-sight deformation to verti-

cal deformation (by assuming there are no horizontal ground movements).

= Phase ( rad) F 4 -7 Phase [ rad) b 4 Phase (rad) T

FE = . FE = L
(a) Row interferogram. (b) Flat earth phase. (c) Interferogram after removing

the topographic phase.

FIGURE 2.4: 2-pass DInSAR processing steps. Topographic phase removal [26].

2.3.2.1 Co-registration

In SAR interferometry, the phase information is extracted by subtracting the first
SAR image from the second SAR image and this requires that the pixels in both
images should represent the same ground truth. The satellite images for the

same acquisition geometry may exhibit pixel shifting, mainly due to the changes
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FIGURE 2.5: 2-pass DInSAR processing steps. Atmospheric phase removal [27].

in the baseline. The co-registration process mainly corrects this pixel shifting
which ensures that the same pixel in both images represents the same ground
truth. Co-registration is a critical step, and poor co-registration could lead to
poor coherence. In InSAR processing to achieve high precession co-registration,
a subpixel-to-subpixel (fine co-registration) is a must. One of popular techniques
to perform co-registration is to compute the complex cross correlation function
between images [28]. Also, signal-to-noise ratio (SNR) estimation of the interfero-
gram [29] can be used to perform co-registration. The co-registration parameters

can be adjusted using the average fluctuation function of the interferogram [30].

The number of tie points in the image, evenly spatial distribution of the tie points,
the size of window uses for tie point matching, the method that uses for the

matching, and the used mathematical models for the transformation will determine
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the final accuracy of the image co-registration [31]. In high latitude, the winter
snow cover will reduce the number of tie points in the image and disrupt the even
spatial distribution of the tie points. Therefore, it is important to select the ROI
in a way to achieve a sufficient number of tie points. Also, interpolation techniques
can be used to achieve evenly distributed tie-point grid. Co-registration accuracy

around 1/10 of a pixel is required for reliable interferometric measurements [31].

2.3.2.2 Raw interferogram

Interferograms which contains the deformation phase, topographic phase, flat
earth phase and atmospheric phase are called as the raw interferograms. Figure

2.4(a) shows a typical raw interferogram.

2.3.2.3 Digital Elevation Model and Topographic phase

The presence of the perpendicular and parallel baselines will create fringes in the
interferogram even without any ground deformation, and the presence of topo-
graphical features will enhance these fringes. If there are no any topographical
features, no deformation and if the ROI is flat, then the visible fringes are called
as the flat earth phase. Figure 2.4(b) show the typical flat earth phase image [26].
The additional phase in the interferogram due to the topography is called as the
topographic phase [32]. Digital elevation model contains the elevation informa-
tion of the terrain. For the 2-pass interferometry, a digital elevation model is used
to remove the topographic phase from the raw interferogram. Figure 2.6 shows
a typical digital elevation model [33]. Figure 2.4(c) show an interferogram after

removing the flat earth and topographic phase.

2.3.2.4 Baseline optimization

Since the perpendicular and parallel baselines will create the flat earth phase, it is
important to acquire correct orbital parameters to calculate and remove the flat
earth phase. The Baseline optimization step is carried out to optimize the orbital
parameters. Baseline optimization is performed by iterating a range of values for
the baseline geometry and choosing the optimum value. The definitive orbital

parameters are used as the initial orbital parameters for the baseline geometry.
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FIGURE 2.6: X-band DEM [33].

The optimum value is the value that gives the highest spatial coherence in the
interferogram. Any errors in the baseline estimation could cause the appearance

of residual fringes in the interferogram [34].

2.3.2.5 Atmospheric Phase Screen (APS)

The radar waves from the SAR satellite travel through different layers (tropo-
sphere, ionosphere, and atmosphere) during their propagation. Each layer has dif-
ferent properties and therefore the speed, and the propagating angle of the radar
wave will be affected. The changes in the troposphere, ionosphere, and atmosphere
are not spatially or temporally uniform.Therefore, INSAR measurement will con-
tain an additional phase component related to these changes. Atmospheric phase
refers to the phase uncertainties occurring in the interferograms due to tropo-
sphere, ionosphere, and atmosphere inhomogeneity during InSAR measurements.
Figure 2.5(c) show the typical atmospheric phase screen. Figure 2.5(b) shows a
interferogram with atmospheric phase screen and Figure 2.5(d) shows a interfero-

gram after removing the atmospheric effects.
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2.3.2.6 Phase unwrapping

Each pixel of an InSAR interferogram contains phase information. However, this
phase information is restricted to the —m +m intervals, and this phase is called
as the wrapped phase. However, the unwrapped phase is directly related to the
ground deformation. The procedure of converting the wrapped phase into an
unwrapped phase is known as phase unwrapping in the InSAR processing chain
[35].

2.3.2.7 Deformation mapping

In SAR interferometry, it is the slant range (or the line-of-sight) measurements
of the ground movements that are obtained. In most cases, the basic assumption
made in deformation map making is that the ground has a vertical movement (or
horizontal movement). This is followed by taking the vector separation [36]. In the
case of 3 D ground movements, this necessitates three slant range measurements
from 3 different tracks [37, 38]. Subsequent to the vector separation, geocoding

should be carried out to the required map projection.

2.3.3 InSAR time series analysis

The interferometric measurements are affected by the temporal decorrelation, at-
mospheric noise, perpendicular baseline and ionospheric noise. In time series
analysis, time series image stack and different processing techniques are used
to minimize the interferometric phase associated with the above noises. Per-
sistent Scatterers InSAR (PSInSAR), Coherent Target Monitoring (CTM) and
Small Baseline Subset (SBAS) are commonly used techniques for time series In-
SAR measurements. The PSInSAR technique uses stable amplitude pixels that
have good correlation over the interferogram stack [21, 39]. The CTM technique
uses stable phase pixels (targets) in the interferogram stack. Full details of the
CTM technique is presented in Section 2.3.3.3. The small baseline subset (SBAS)
technique was first introduced by Lundgren et al. [40] and further developed by
Berardino et al. [41]. This technique can be used when there are large numbers
of unwrapped interferograms with small spatial baselines. Several subsets of small

baseline interferograms can exist for a given set of images that give deformation
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time series. All the subsets can be linked together, and the complete deformation
time series can be extracted [42] by using the commonly used Singular Value De-
composition (SVD) technique. Full details of the SBAS technique is presented in
Section 2.3.3.1.

The main difference between PSINSAR and CTM techniques is that, in PSInSAR,
pixels (targets) are selected by studying their amplitude stability along the entire
set of images. However, in CTM technique, the pixels (targets) are selected by

studying their phase stability (spatial coherence) along the entire set of images
(Section 2.3.3.2 and 2.3.3.3).

2.3.3.1 Small Baseline Subset (SBAS) technique

Detail description of small baseline subset (SBAS) technique [43] is presented in

this section.

An Interferogram phase can be formulated as a linear equation [43]:

\Ith,tA = Pty — Pta (25)

where ¢, and ¢, are the phases related to two SAR images taken at time ¢z and

ta. Wy, is the unwrapped interferogram phase.

Let’s take that we have a sequential image stack that contain N+1 SAR images
for a given ROI. After the co-registration of the image stack, we can generate N
number of DInSAR interferograms from the image stack. Therefore, this will lead
to solving a determined N x N system of equations (Equation 2.5). However, some
interferograms will have higher decorrelation than others due to higher perpendic-
ular baseline, higher temporal baseline and atmospheric effects. By selecting and
arranging small baseline interferogram stacks, we can minimize the interferometric

phase related to the noise, but it will lead to a rank deficiency in the system.

Let’s take a generic pixel of our SAR images which has azimuth coordinate x
and range coordinate r. We can write the generic j** (unwrapped) interferogram

computed from the SAR acquisitions at times t5 and ¢4 [43]:
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where X | p(tp,x,r) and p(ta, z,7) are the extracted phase from two images (used
in the interferogram), d(tp, z,r) and d(tp,z,r) are the radar line-of-sight projec-
tions of the cumulative deformation at t 4 and ¢ 5 respect to a stable reference point,
Az is the height error in DEM, b, is the perpendicular baseline, r is the distance
between sensor to target, ¥ is the look angle, dum(tp, z,7) and dyn(tp, x,r) are

the atmospheric phase and, An; is the decorrelation effects.

We can write following two index vectors for the master and slave images of the
interferograms. Here we assume that master and slave images are in sequential
order [43]:

IS =11Sy,...,1Sy],IE =[IE,....1Ey] (2.7)
where IS is the master image and I F is the slave image.

By using the index vectors (Equation 2.7), left hand side of the Equation 2.6 can
be modified as [43]:

U; = o(tig;) — o(trs,) Yi=1,..,M, (2.8)

Equation 2.8 defines a system of M equations with N unknowns, and we can

formulate in matrix form as:

AD =T (2.9)

where A is an M x N matrix, Vj = 1,...,M,, and, A(j,1S;) = —1if IS; # 0,
A(j,IE;) =1 and 0 otherwise. When ¥; = ¢4 — @9 and Uy = @3 — ¢y, A will be
[43]:
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0 -1 0 +1

0 0 +1 0 ..
A= * (2.10)

A is an incidence matrix, which is directly depending on the set of interferograms.
If M = N or an over-determined M > N system, then the solution can be obtained
using Least Square technique [43]:

P =AU = ((AT. A1 AT¥ (2.11)
where AT is the left inverse matrix.

Most of the time SAR acquisitions are, coupled in several different subsets and
therefore matrix A exhibits a rank deficiency. Because of that AT A is singular.
Therefore we can use the Singular Value Decomposition (SVD) technique to invert

the system.

The SVD of matrix A can be written as [43]:

A=USVT (2.12)

where U is an M x M orthogonal matrix. S is an M x M diagonal matrix and V
is an N X M orthogonal matrix. Using Equation 2.11 and 2.12, we can write the

minimum norm least squares solution for ® as [43]:

=AU =
N—L+1 T,
= [Vidiag(1/o1,1/09, ... Lon_141,0,..,0).U" 0 = Y U}“’vi (2.13)
i=1 v

where u; and v; are the column vectors of U and V' and o; are the singular values.

To avoid any large discontinuities in the cumulative phase (deformation) measure-
ments, mean phase velocities between time adjacent acquisitions were used in the

Equation 2.9. Therefore, new unknowns are [43]:
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And we get a new system of equations [43]:

Bug =T (2.15)

where B is an M x N matrix, which has following elements [43]:

t —tp IS, <k<IE; Vj=1...M
Blj, k] = k+1 — Uk iSRS L J (2.16)
0 elsewhere

Using SVD technique now we can estimate the unknown mean velocity vector.
Moreover, an additional integration step will be needed to calculate the required

deformation phases from the vector vy [43]:

(p(tt) = Z de(tk — tkfl) VJ = 1, vy N (217)

k=1

with  (ty) =0

2.3.3.2 PSInSAR and similar time series analysis

Persistent Scatterer Interferometry PSInSAR techniques use point targets to mea-
sure the phase difference. The PSInSAR InSAR technique first proposed by Fer-
retti et al. in 2001 [21]. There are several similar other algorithms which are
currently available to perform persistent scatter processing. Those are Stanford
Method (StaMPS) [44], Delft Method (DePSI) [45], Maximum Likelihood method
(ML-PS) [44] and SqueeSAR method [46]. The PSInSAR and DePSI are based
on the same basic principle. In these methods the amplitude dispersion is used to
select the persistent scatter points targets based on the normalized backscattered

amplitude in a time series image stack [21, 47]:
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Oa

D, =% (2.18)

a
where D, is the normalized backscatter amplitude, o, dispersion of backscatter

amplitude and, p, mean of the backscatter amplitude.

The Equation 2.18 shows the calculation of the normalized of the backscatter
amplitude of a target in the interferogram. The targets with a low normalized
amplitude dispersion have selected as good persistent scatter targets since those
targets have low phase dispersion [45, 48]. The technique will identify more targets
in the urban areas than the areas where there is diffuse scattering. In the StaMPS
method, the amplitude characteristic of a target is used to identify a potential
targets but only the targets which have stable phase characteristics are selected
as the PS targets [39]. This technique will find more targets in diffuse scatting
areas compare to the PSInSAR technique. The ML-PS method uses maximum
likelihood test to identify Persistent scatter targets. This technique provides more
scatter targets for diffuse scatting areas compare to the StaMPS method [44]. The
SqueeSAR method uses point targets and distributed scatterers to identify phase
stable targets [46].

2.3.3.3 Coherent Target Monitoring (CTM) technique

The coherent target monitoring technique is first developed Vexcel Canada (for-
merly Atlantis Scientific), and it is a part of the EV-InSAR software package.
Currently, MDA is using modified version of this software for their InSAR pro-
cessing. The CTM processing steps are different from the PSInSAR processing.
The CTM module allows processing of the data with different iteration schemes
and different parameter deformation models [49]. In CTM processing first, the
Differential interferograms were created from the image stack. The coherent tar-
gets were identified by removing the mean coherent phase from a pixel block in
the interferogram. Normally a pixel block has a size of 200 m x 200 m ground
distance. Each pixel in the interferogram has the following phase contributions
[49]:

(bi = ¢def + ¢Hgt + (bAtm + ¢N0ise (219)
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where ¢; is the pixel phase, ¢g4.¢ is the deformation phase, ¢y is the phase
error related to the height error of targets, ¢y, is the phase error related to the

atmospheric delays and, ¢n.se is the phase error due to the thermal noise.

The coherent mean of a pixel block was calculated by assuming that the atmo-
spheric errors, deformation, and the height errors for that block is constant. There-

fore, the mean phase can be written for each block as follows [49]:

67 ok = (G5 + G755 + G ot (220)

where ¢™“*" is the mean phase of the pixel block, ¢ is the mean deformation

phase, ¢f5¢" 1s the mean phase error related to the height error and, ¢7" is the

mean phase error related to the atmospheric delays,

Then the mean phase was subtracted from each pixel [49]:

¢i - [¢mean]block + quHgt + ¢Noise (221)

where ¢; is the corrected phase of the pixel, [¢™"|yoer is the mean phase of the
pixel block, ¢amg is the height error of the pixel relative to the mean height and,

ONoise 18 the thermal noise.

Then temporal coherence was calculated for the stack at each pixel of the block
[49]:

pi =| Eg:lexp[j@,p — [¢;n€an]block] [ (2.22)

where p; is the temporal coherence of the pixel, N is the number of pixel in the
block and, [¢}"**" |yiock is the mean phase of the block.

After selecting the coherent targets, the height of the targets was calculated. Then
low pass filtered interferogram was created by using the coherent targets and their
height information. As the next step, the low pass filtered interferogram was
spatially unwrapped. Then phase of the coherent targets were unwrapped by

assuming [49]:

|01 — Pmean| < T (2.23)



Chapter 2. Literature Survey 25

)

Remove average phase

Use coherent P
targets to refine dem L]
phase average A |
|

Use successful grid cells to refine phase
——p averages of faled cells

|~ Systematic phase removed

1l

Targets detected

FIGURE 2.7: Coherent targets selection; Here an assumption was made that
the phase related to the atmospheric delays, phase errors due to height errors
and deformation phase is constant over a Gaussian averaging kernel [49].

where ¢; is the unwrapped phase of the coherent target and, ¢,eqan is the un-

wrapped phase of low pass filtered interferogram.

Then the reference phase was calculated from targets that are in the stable area and
subtracted it from the target phase. As the next step singular value decomposition
(SVD) technique [42] was used to extract the changes in phase over time in the
image stack. Finally, deformation maps were created by converting line-of-sight

deformation to vertical deformations.

2.3.4 Coherence

When there are two or more complex SAR images (with a temporal baseline),
the normalised cross correlation of those images can be calculated to identify
the similarity between them. The magnitude of the normalised cross-correlation
coeflicient is called as the coherence magnitude or the degree of coherence [51].

The coherence magnitude is frequently used as a parameter to measure the phase
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FiGure 2.8: Typical Coherent targets deformation map. The dots in the map
shows the coherent targets. The color bar shows the deformation rate [50].

stability in the interferograms [19]. The normalised coherence of two complex
signals can be written as [51, 52
(2:23)

'z %) (2.24)

where 7 is the normalised coherence of two complex signals (interferogram), Z;
and Z, are complex values in the master SAR image and the slave SAR image,
respectively, and Z3 is the complex conjugate of Zy. The brackets () indicate a
local spatial averaging around an individual pixel. In practice, the magnitude of
the normalised complex coherence or degree of coherence (|vy]) is calculated by
coherently averaging the complex values over a finite window [52]. The |y| varies
from zero to one. Zero implies the uncorrelation of two signals and one implies the
complete correlation of the two signals. Figure 2.5(a) shows a typical coherence
image. The |y| can be written as a product of several statistically independent

decorrelation factors [53]:

|’V | - ’Ybaseline’ytemporal'Vthermal ’YCo—reg (2 . 25)

where Ypaserine 18 the decorrelation due to the perpendicular baseline (across the
track distance between two satellite passes). With a baseline optimisation pro-

cessing step, Ypasetine can be minimised [54]. Veemporar 1 the temporal decorrelation
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of the ground surface and is the main contributor to the |y|. Yoo—rey is the decor-
relation due to the co-registration errors. Yipermar is the decorrelation due to the
thermal noise in the SAR sensor, and compared with the temporal decorrelation,

this value is very small.

2.4 Ionospheric effect

The presence of the free electrons and ions will be affected to the microwave
propagation through the ionosphere. The solar activities will determine the free
electron and ion densities. The refractive index for the phase can be written as
follows [55]:

e? N, N,
~]l———x—~1-40.3— 2.26
" 8m2meeg i f? f? (2:26)

where n is the phase refractive index, e is the charge of the electron, m, is the
mass of the electron, eq is the is the permittivity of the vacuum, N, is the electron

density and f is the microwave frequency.

The Equation 2.26 shows that the longer wavelength InSAR measurements are

more susceptible to ionospheric effects than shorter wavelengths [56].

2.5 Atmospheric effect

Atmospheric effect refers to the phase uncertainties occurring in the interferograms
due to atmospheric water vapour. There are two main approaches used to correct
the atmospheric effects from the interferograms. The first approach is to use
the information available in the interferogram to correct the atmospheric effects.
The MDA EVInSAR(@©) (an InSAR processing software developed by MacDonald,
Dettwiler and Associates Ltd [MDA], Canada) software uses this approach. The
second approach is to use independent measurements or weather models to correct
the atmospheric effects. From the weather models, it is possible to calculate the
atmospheric parameters (Temperature, pressure, and water vapour) for a given
ROI for a given time. In 2001, Shimada et al. reported that accuracy of the
deformation estimation for Mt. Fuji, Japan, can be improved from 4 cm to 2
cm with the information from the European centre for medium range weather
forecasts (ECMWEF') model [57]. Also, in 2000, Shimada et al., in 2006, Foster et
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al., in 2007, Puyssgur et al. and in 2008, Pinel et al. reported the usefulness of

weather models to improve InSAR measurements [57-60].

The main Disadvantage of the weather model is the limited spatial resolution.
These weather models have resolutions in kilometer-scale. However, most of the
ROIs for InNSAR measurements can be few tens of square kilometers. Also accuracy
of the weather models will depend on the physics of the model and the initial
parameters [58, 61].

Spatial and temporal inhomogeneity in the troposphere will introduce additional
phase to the measurements. In 1997, Zebker et al. argued that the main contrib-
utor to the tropospheric delay is the water content in the troposphere [62]. Also,
they have pointed out that there can be a phase error due to the pressure and
temperature variations, but those are insignificant compared to the error induced
by the tropospheric water vapour. Also, the phase errors due to the pressure and
temperature can be considered as spatially homogeneous for a small area. There-
fore, the topographic error mitigation is mainly focused in removing the phase
error induced by the water vapour. Also, they have found that tropospheric water
vapour can induce up to 10 cm error to the measurements [62]. In 2001, Hassen et
al. reported that thunderstorms during SAR acquisitions can induce phase delays

up to 12 cm [63].

2.6 Corner reflectors

Corner reflectors are used to reflect the radar waves back to the satellite. Therefore,
the corner reflectors appear as bright targets in the SAR images. Larger the
corner reflector, the radar cross section will be large and appear as brighter in
the backscatter image. In subsidence measurements corner reflectors are often
used as high coherent point targets and CRInSAR measurements have been well-
documented for low-latitude regions [48, 64, 65]. The most popular corner reflector
design is the triangular trihedral design. Although the large corner reflectors give
strong backscattering, manufacturing and deploying is not easy and may lead to
errors [24]. In 2001, Donald et. al. has reported that, if the difference of the
backscatter power between the corner reflector and the background is larger than
29 dB, then corner reflector can be clearly identified in the Radar image. Moreover,

if the above difference falls down below 12 dB, then the corner reflector is difficult
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to identify from the background [24]. For this experiment, authors used Radarsat-1

images.

Corner reflector face should be aligned perpendicular to the satellite track. Figure

2.9 shows a typical corner reflector installed in the field.

FIGURE 2.9: A corner reflector installed in the field [66]

2.7 Effects of snow

All InSAR deformation measurement techniques (DInSAR, CTM, PSInSAR, CRIn-
SAR etc.) have been proven for low-latitude areas, but the accuracy of these

techniques for high latitude areas needs to be investigated.

The propagation speed and the angle of the radar waves will depend on the re-
fraction index of the snow. In 1986, Sadiku et al. introduced following equations
to measure the refraction index of a snow pack [67]. These equations are valid for

radar frequencies between 0.8 GHz and 38 GHz.

For P, < 0.500kgm?®

ny, = (14+1.9%P,)% (2.27)

and For P, > 0.500kgm?
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ny = (0.51 + 2.88Ps)"° (2.28)

where, ng is the Refraction index of snow, P, is the density of snow (kgm™?).

In 2004, Yankieluna et al. reported that the refractive index of the snow pack
is strongly dependent on wetness of the snow pack [68]. In 1991, Elder et al.
has reported that the snow is a layered medium and as same as the whole snow
pack each layer differ in thickness and density from site to site. Therefore, the
snow density and refractive index vary both horizontally and vertically within the
snow pack [69]. Therefore, these density differences will affect to the velocity and
the propagation angle of the radar waves when they travel through the snow pack.

Ultimately these effects will add additional noise to the deformation measurements.

In high latitudes, during most of the months of the year, the ground is covered
with snow. Due to precipitation, wind conditions, and topography, the height
and density of the ground snow layer is not spatially or temporally uniform. The
ground snow layer will affect the backscatter signal in a few different ways. The
first is that, within the snow layer there will be volumetric scattering. This gives
rise to differences in the volumetric scatter signal from a pixel to pixel due to the
phase changes undergone by the scatter signal. The second is due to the refraction
of the radar signal on the snow surface. The signal will illuminate the ground in
a different incident angle which leads to a change in phase in adjacent pixels.
The third is, the presence of wet snow on the ground will prevent radar waves
from reaching the ground [70]. In 2004, Engen et al. reported that (for C-band
SAR images with an incidence angle of 23°) a dry snow layer of approximately
16.4 cm (snow density of 200 kgm™3) will introduce a phase difference of 2w
to the interferogram [71]. In 2005, Martinez-Vazquez’ et al. reported that the
coherence in a C-Band radar signal will be lost within a short period due to the
changes in snowpack properties. Also, he reported that this coherence loss will
be accelerated if there is snow fall taking place [72]. Therefore, even without
any surface deformation, snow-covered regions that are only a few meters apart
could still show considerable phase differences (unstable phase components) in the
interferograms. Hence, identifying and removing these unstable phase components
are important to achieve high accuracy measurements. In InSAR deformation
measurements, coherence is used to select the stable scatterers to achieve better
accuracy [53]. In most cases, the snow covered area will have low coherence and

will appear as black color in a coherence image.
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In 2010, Jung et al. used coherence as a parameter to study the seasonal water
fluctuations in the Amazon flood plain [73]. Few studies have been performed to
quantify the seasonal variations in InSAR measurements in high latitudes with
regard to deformation measurements. In 1999, Budkewitsch et al. reported that
in the Canadian Arctic coherence loss will take place due to compaction or recrys-
tallization of snow packs, accumulation of snow in the drifts and migration of snow
drifts [74]. In 2010 Liu et al. used the InSAR technique to detect seasonal and
secular surface subsidence over the tundra areas relative to the floodplain areas on
the North Slope of Alaska and they have reported seasonal subsidence of 14 cm
related to melting of ice in the active layer [75]. In 2001, Weydahl used coherence
as a parameter to study the seasonal variations in the ERS Tandem SAR images
in glaciers, valleys, and fjord ice in Svalbard [52], and he concluded that the use-
fulness of the Envisat repeat-pass InNSAR measurements in Svalbard is limited due

to the temporal decorrelation caused by precipitation and temperature changes.

2.8 3D ground movements

In the past InSAR has been used to monitor volcanic activity [39], mine-induced
ground subsidence, earthquakes, and seasonal subsidence [76], among other cases.
In these cases, the ground movement is typically studied from a single track of SAR
data. That is, a single area is imaged over time from a single imaging geometry.
By collecting imagery this way, accurate measurements (typical accuracy of 3 mm)
of the line-of-sight change can be collected and understood [48]. In cases where
the nature of the ground deformation can be understood from other sources, for
instance in an enhanced oil recovery operation, the line-of-sight measurement can
be understood to provide the vertical component of ground motion [65]. However,
when more complicated motion is known to occur, as is the case with a slope slide,
a single line-of-sight measurement may not capture the actual motion. When the
motion is both down and along the slope, a single line-of-sight measurement can
confuse the ground deformation. In the worst case scenario, if the ground motion
is both horizontally toward the radar and down, a single line-of-sight measurement
could interpret no motion at all. However, when complementary incident angles
are considered, the line-of-sight information can be rotated to provide a horizontal
and vertical component of motion. This is accurate when the available incident

angles are chosen to be orthogonal and hence form a basis for the two-dimensional
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vector space. In the case when three orthogonal beams can be chosen to image a
single area, a full description of the vertical, horizontal, and lateral motion can be
available [77]. This, however, occurs only in very limited cases with the current
set of polar orbiting SAR satellites [77].

2.8.1 North-South InSAR accuracy

Observations of ground movement around mines are very complex. The observed
ground deformation may take the form of both subsidence and horizontal or lateral
movement. Many attempts have been made to augment standard InSAR measure-
ment techniques to provide a North-South component of motion. The most direct
method would be to orthogonally image the same area with three coincident SAR
sensors. This technique was applied to ice motion in the Canadian North by Mohr
et al. [78]. In his work, he showed that the ice motion may be inferred in very
high latitudes. The technique is, however, not applicable to lower latitudes due to
the nature of polar orbiting SAR satellites [77, 79]. In the case of RADARSAT-2,
the left and right looking characteristics of the satellite might be used to increase
the degree of orthogonality of image tracks lower down to say 60° but the opera-
tional cost of monitoring with a constant change in look direction is prohibitive.
Further attempts in understanding a North-South motion component have come
from the look separation technique known as multi-aperture interferometry (MAI).
This technique is described by Jung et al. [80] and more recently augmented by
Jung et al. [38]. In the case of the MAI, the sensitivity of the measurement has
been demonstrated to many centimeters; a measurement thought to be too coarse
for creating boundary conditions for geo-mechanical models of rock movement
due to underground mining. Other techniques have concentrated on the inclusion
of multiple observation points from a combination of InNSAR and GNSS systems
[81, 82]. These methods have provided wide area surfaces that provide excellent

information on the scale of an earthquake.
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Seasonal effects on DInSAR

measurements

3.1 Introduction

This chapter presents the results of a study conducted to quantify the seasonal vari-
ation of coherence in Synthetic Aperture Radar (SAR) interferograms in Kiruna,

Northern Sweden.

The InSAR measurement relies on the presence of scatterers that have stable
properties over the timescale of interest. There are several InSAR techniques
that can be used to measure the ground deformation based on the spatial and
temporal availability of these scatterers. The simplest InSAR technique is the
DInSAR technique, which can deliver an accuracy of approximately 1 cm/year
[19]. This technique works well in barren flat landscapes where a large number of

spatially distributed scatterers are available.

In SAR interferometry (InSAR), coherence is an important concept that provides
a good indication of the phase stability of the scatterers [83]. Therefore, in this
study, the degree of coherence is used as a parameter to identify the seasonal

variation in interferograms.

For this study, 34 Radarsat-2 ultra-fine beam mode (U6D) images of the Kiruna
area (67°51'N, 20°14'E) and the improved Digital Elevation Model (DEM) created
by merging the Radarsat-2 DEM and ASTER DEM were used to produce 561

33
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differential interferograms. The interferograms were arranged in three different
ways for the analysis, with the first including common master interferograms (with
the summer master image), the second including the sequential interferograms
that have the shortest temporal baseline and the third accounting for all possible
combinations of the interferograms (full network of interferograms). Following
this step, the variation of coherence for forest areas, urban areas and flat waste
rock areas were studied. This study shows that interferograms generated for the
Kiruna region exhibit seasonal variations in coherence due to the ground snow
layer in winter. Furthermore, when there is water on the ground due to the
melting of the snow layer (in the spring) or due to rains in autumn, the coherence
is reduced considerably. Another significant feature is that there is a significant
change in summer-to-summer coherence for some regions even over the course of
a few years. Based on this study, it is clear that the winter Radarsat-2 U6D beam
mode images are not suitable for DInNSAR deformation measurements in flat waste
rock regions in Kiruna. It is expected that even with winter images, PSInSAR or
CTM techniques will be able to provide better deformation measurements, but, in

this study those techniques were not assessed.

In this work, for the first time, the seasonal variation in repeat-pass, high resolution
(2.7 m slant range resolution) Radarsat-2 interferograms for Kiruna, Northern
Sweden was quantified. The parameter used to quantify the seasonal variation is
the coherence magnitude (degree of coherence) in the interferograms. Furthermore,
the annual useful number of Radarsat-2 U6 images that should be used for the

Kiruna deformation measurements was quantified.

3.2 Test site

The test site (Figure 3.1) is located in northern Sweden (67°51’ N, 20°14" E)
around Kiruna city and the Kiruna underground iron ore mine, which is owned by
the Luossavaara Kiirunavaara Aktiebolag (LKAB) mining company. The mine is
approximately 1 km (to the west side) from Kiruna. Kiruna is a small city with
an area of approximately 3 km? consisting of small and medium size buildings,
roads, open areas with grass cover, and trees between the buildings (Figure 3.4).
Most of the small buildings have slanting roofs, and most of the large buildings

have flat roofs. During the winter, most of the rooftops are either fully or partially
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'f Sweden
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FIGURE 3.1: Left image shows the location of the Kiruna iron ore mine. Right

optical image shows the Kiruna iron ore mine, Kiruna city and surroundings in

the autumn. Here, selected waste rock areas are marked in green boxes, selected

urban areas are marked in red boxes, and selected forest areas are marked in
purple boxes (image source: LKAB and Google maps).

covered with snow. The roads and ground in between the buildings are also snow-
covered (Figure 3.5). The height and density of the ground snow layer changes
spatially and temporally due to the topography, precipitation, wind and human
interactions. Kiruna is flanked by forest (such as the F1, F2, F3 areas in Figure
3.1), and forest areas also occur in the regions lying between the mine and the city.
The trees grow up to a height of 3 or 4 meters, and the trunks have a diameter
ranging from 15-30 cm (Figure 3.6). The leaf growth is very rapid during the
spring and summer seasons due to the longer day lengths. Leaf fall occurs during
autumn. During the winter, Kiruna experiences heavy snowfalls with the ground
snow cover reaching up to 1 m or more in height in the forest areas (Figure 3.7).
The height and density of snow in these areas are mostly uneven due to wind and
also due to animal and human activities (e.g., ski tracks and road clearing). Barren
and flat waste rock areas (such as the W 1-8 areas in Figure 3.1) are common in
the hangingwall (the side that the ground rock overlays on the iron ore body)
and footwall (the side that the ground rock underlays the iron ore body) sides of
the mine. Such areas have been created from the deposition of waste rocks from
ore processing (Figure 3.2). The ground snow cover in these areas can be as high
as 1 m in winter (Figure 3.3). Here too, the precipitation, topography and wind
cause spatial and temporal changes in the height and density of the snow layer.

The winter temperatures in Kiruna are not always sub-zero. There are days when
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the temperatures are above freezing. These temperatures can initiate the melting
of snow and layering in the ground snow cover. For this study, fourteen sample
areas were selected in the test site for the analysis, such that three sample areas
(F1, F2, and F3 in Figure 3.1) have dominant volumetric scattering (forest area),
three (U1, U2, and U3 in Figure 3.1) have dominant dihedral type of scattering
(urban areas) and eight (W 1-8 in Figure 3.1) have dominant diffuse scattering
(barren waste rock area). The selected forest and urban areas do not exhibit
any deformations, but the barren waste rock areas were observed to have surface
deformations. Because there were no stable (where there are no deformations)
barren and flat areas in the test site, the waste rock areas on the hangingwall side
were used. The sample areas W 5-8 were selected to be closer to the mine than
the sample areas W 1-4, and therefore the sample areas W 5-8 experience larger

surface deformations than the sample areas W 1-4.

FiGURE 3.2: Kiruna waste rock area in summer.

FiGURE 3.3: Kiruna waste rock area in winter.
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FI1GURE 3.4: Kiruna urban area in summer.

FIGURE 3.6: Kiruna forest area in summer.
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FIGURE 3.7: Kiruna forest area in winter.

3.3 Methodology

For this study, 34 Radarsat-2 U6D beam mode (from 2008-06-14 to 2010-12-13)
images were used. The slant range resolution of the images is 2.7 m. EVInSAR
was used for the InSAR processing, and an external DEM was used as an input
to the processing chain. MDA provided the DEM. The DEM was created by
merging a Radarsat-2 DEM with the ASTER DEM. By merging the Radarsat-
2 DEM with the ASTER DEM, the height errors of the DEM were minimized.
The first image of the image stack (taken on 2008-06-14) was selected as the
master image, and the remaining images and the DEM were co-registered to the
master image. A total of 561 raw interferograms (see example in Figure 3.15)
were then produced by multiplying one image with the complex conjugate of the
other images for all possible image pair combinations. In this interferogram stack,
there were 33 common master interferograms (with the 2008-06-14 master image)
and 33 sequential interferograms. As the next step, the topographic phase and
flat earth phase were removed from the raw interferograms by using the DEM.

Based on the technique introduced by Béhr et al. [54], iterations were performed
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to minimise the decorrelation effects due to incorrect baseline measurements. The
atmospheric phase screens were generated by using the following procedure: First
the high-frequency deformation areas in the ROI were masked out. Then a 2D
low-pass filter was used to preserve the atmospheric phase and to remove any
high-frequency noise from the interferogram. Then the atmospheric phase was
interpolated into the masked area. Then the interpolated atmospheric phase was

removed from the interferogram.

The next step was to produce the coherence images for the test site. A 5 x 5 pixel
moving window (8 m x 14 m) was used for the coherence magnitude (degree of
coherence) calculation, which is based on Equation 2.24. As the next step, the
coherence images were arranged in 3 different sets (Common master, Sequential
and Full network). In the common master coherence images, all the images had
the same master image (2008-06-14) and were arranged according to the ascending
order of their temporal baseline. Table 3.1 shows the details of the common master
coherence image set. In the sequential method, coherence images having a min-
imum temporal baseline were selected and arranged in ascending order of their
master image dates. Table 3.2 shows the selected sequential coherence images.
There is a 72-day time break in the image stack and this time break is marked as
a black color line in the Figure 3.10. As the next step, the average coherence mag-
nitude was calculated for each test area. Then the average coherence magnitude
was plotted against each interferogram. In the full network analysis, the average
coherence magnitude was calculated for each test area, and the coherence mag-
nitudes were arranged in an upper triangular matrix. The rows and columns of
the upper triangular matrix are the respective master and slave image acquisition
dates arranged in ascending order. The coherence magnitude is shown, based on

the colour bar.
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Int  Master Slave Parallel Perpendicular Temporal Ground Ground
No  Image image  Baseline Baseline Baseline condition  condition
(m) (m) (days) (Master) (slave)

1 20080614 20080708 -109.38 -102.91 24 Dry Dry

2 20080614 20080801 -147.54 -49.83 48 Dry Dry

3 20080614 20080825 -290.87 -295.37 72 Dry Dry

4 20080614 20080918 -249.33 -245.58 96 Dry Wet

5 20080614 20081105 -316.87 -231.68 144 Dry Snow

6 20080614 20081129 -270.09 -65.29 168 Dry Snow

7 20080614 20081223 -286.21 -113.32 192 Dry Snow

8 20080614 20090116 -304.24 -179.96 216 Dry Snow

9 20080614 20090209 -117.36 -65.26 240 Dry Snow
10 20080614 20090305 -425.07 -488.31 264 Dry Snow
11 20080614 20090329 -265.44 -244.88 288 Dry Snow
12 20080614 20090422  -69.83 -41.23 312 Dry Wet snow
13 20080614 20090703  -31.87 -61.35 384 Dry Dry
14 20080614 20090820  -78.01 -15.55 432 Dry Dry
15 20080614 20090913 -319.07 -329.21 456 Dry Dry
16 20080614 20091007 -233.40 -116.99 480 Dry Snow or Ice
17 20080614 20091031 -341.43 -247.99 504 Dry Snow
18 20080614 20091124 -276.17 -139.70 528 Dry Snow
19 20080614 20091218 -132.28 -89.42 552 Dry Snow
20 20080614 20100111 -305.91 -207.18 576 Dry Snow
21 20080614 20100204 -386.73 -331.74 600 Dry Snow
22 20080614 20100228 -190.88 -48.73 624 Dry Snow
23 20080614 20100324 -255.85 -231.48 648 Dry Snow
24 20080614 20100417 -123.77 -66.07 672 Dry Wet snow
25 20080614 20100511  -62.12 -7.33 696 Dry Wet snow
26 20080614 20100604  -75.59 -9.45 720 Dry Dry
27 20080614 20100628  -30.38 -79.03 744 Dry Dry
28 20080614 20100815 -226.63 -261.04 792 Dry Dry
29 20080614 20100908 -214.25 -194.91 816 Dry Dry
30 20080614 20101002 -308.02 -235.16 840 Dry Wet
31 20080614 20101026 -262.47 -124.14 864 Dry Snow
32 20080614 20101119 -242.65 -85.22 888 Dry Snow
33 20080614 20101213 -238.50 -68.44 912 Dry Snow

TABLE 3.1: Common master interferograms.
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Int  Master Slave Parallel Perpendicular Temporal Ground Ground
No  Image image  Baseline Baseline Baseline condition condition
(m) (m) (days) (Master) (slave)

1 20080614 20080708 -109.38 -102.91 24 Dry Dry

2 20080708 20080801  -38.16 -53.08 24 Dry Dry

3 20080801 20080825 -143.31 -245.54 24 Dry Dry

4 20080825 20080918  -41.53 49.80 24 Dry Dry

5 20080918 20081105  -67.54 -13.88 48 Dry Snow

6 20081105 20081129  -46.69 166.42 24 Snow Snow

7 20081129 20081223  -16.09 -48.05 24 Snow Snow

8 20081223 20090116  -17.98 -66.63 24 Snow Snow

9 20090116 20090209 -186.75 245.35 24 Snow Snow
10 20090209 20090305 -307.69 -553.61 24 Snow Snow
11 20090305 20090329 -159.53 243.49 24 Snow Snow
1220090329 20090422 -195.56 286.17 24 Snow Wet snow
13 20090422 20090703  -37.95 20.09 72 Wet snow Dry
14 20090703 20090820  -46.12 -76.88 48 Dry Dry
15 20090820 20090913 -241.03 -313.64 24 Dry Dry
16 20090913 20091007  -85.54 212.22 24 Dry Snow or Ice
17 20091007 20091031 -107.89 -130.89 24 Snow or Ice Snow
18 20091031 20091124  -65.14 108.24 24 Snow Snow
19 20091124 20091218 -143.76 229.18 24 Snow Snow
20 20091218 20100111 -173.41 -296.60 24 Snow Snow
21 20100111 20100204  -80.73 -124.63 24 Snow Snow
22 20100204 20100228 -195.48 282.98 24 Snow Snow
23 20100228 20100324  -64.83 -182.73 24 Snow Snow
24 20100324 20100417 -132.04 165.55 24 Snow Wet snow
25 20100417 20100511  -61.68 73.50 24 Wet snow Wet snow
26 20100511 20100604  -13.46 -2.10 24 Wet snow Dry
27 20100604 20100628  -45.20 69.61 24 Dry Dry
28 20100628 20100815 -196.20 -340.14 48 Dry Dry
29 20100815 20100908  -12.34 66.12 24 Dry Dry
30 20100908 20101002  -93.79 -40.36 24 Dry Wet
31 20101002 20101026  -45.50 111.11 24 Wet Snow
32 20101026 20101119  -19.81 38.97 24 Snow Snow
33 20101119 20101213  -4.10 16.72 24 Snow Snow

TABLE 3.2: Sequential interferograms.
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3.4 Results

Figures 3.8(a), 3.8(b), 3.8(b) and 3.8(d) show the variation of the coherence mag-
nitude (degree of coherence) in the test site for the common master (yellow border)
and sequential interferograms (cyan border). Based on the common master coher-
ence images, the coherence magnitude is clearly reduced in the winter and regained
in the summer. In the sequential coherence images, a high coherence magnitude
can be observed in the summer and some winter interferograms. Appendix A

presents all coherence images produced for the test site.

Figure 3.9 shows the average coherence variation for each sample area for the
common master interferograms, and Figure 3.10 shows the same for the sequential
interferograms. Figure 3.11, 3.12, 3.13 and 3.14 shows the coherence variation in
the full network analysis for forest areas (F 1-3), urban areas (U 1-3), waste rock
areas (W 1-4) and waste rock areas (W 5-8).
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(a) Coherence image from a common master summer  (b) Coherence image from a sequential summer inter-
interferogram. ferogram.
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(c) Coherence image from a common master winter (d) Coherence image from a sequential winter inter-
interferogram. ferogram.

FiGure 3.8: M is the master image date in YYYYMMDD format. S is the

slave image date in YYYYMMDD format. The red line is the LKAB industrial

area limit. The magenta color line was the Environmental criterion limit in

2014. Waste rock area is marked in green color. The cyan-colored dashed line
is the centerline of the open-pit.
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FIGURE 3.11: Coherence variation in all interferograms (full network) for forest
area (F 1-3).
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FIGURE 3.12: Coherence variation in all interferograms (full network) for urban
area (U 1-3).
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FIGURE 3.13: Coherence variation in all interferograms (full network) for waste
rock area (W 1-4).
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FIGURE 3.14: Coherence variation in all interferograms (full network) for waste
rock area (W 5-8).
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FIGURE 3.15: An example summer interferogram for the Kiruna area (image
scale in kilometers).

3.5 Discussion

Seasons will always have an impact on the topographic features, which leads to

changes in the coherence.

3.5.1 Seasonal aspects

During the short (2-4 months) summer, the test site experiences almost 24 hours
of daylight during some weeks. As a result, the growth rate of vegetation is very
high, leading to rapid changes in the forest areas. Therefore, the summer master
and summer slave interferograms from images that are only a few months apart
show poor coherence. This observation is found to be true for both the common
master (coherence magnitude < 0.19) and sequential (coherence magnitude =
0.22-0.39) interferograms (Figure 3.9 and 3.10). The barren flat waste rock areas
show the highest coherence (coherence magnitude ~ 0.7-0.8) during the summer
season as observed in both the common master and sequential interferograms

(Figure 3.9 and 3.10). The urban areas show slightly higher coherence (coherence
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magnitude ~ 0.28 in the common master interferograms and ~ 0.25-0.41 in the
sequential interferograms) compared with the forest areas and relatively lower
coherence compared with the barren and flat waste rock areas (Figure 3.9 and
3.10).

In the spring (April to the beginning of June) and autumn (mid-August to the
beginning of October) seasons, it is observed very low coherence (coherence magni-
tude < 0.2) for all sample areas, even for shorter temporal baselines. This finding
is due to the very short duration of spring and autumn in the region, during which
rapid changes occur. For example, in Kiruna, the snow begins to melt at the be-
ginning of April and is completely melted by the end of May. During that period,
the surface water content is very high in the urban and waste rock areas. However,
in the forest areas, the snow melt starts in April and is completed by the end of
June. These changes can be observed in Figure 3.10, interferograms 13 and 25 and
Figure 3.9, interferograms 12 and 24, respectively. If there is thick snow cover on
the ground, the snow melt can take up to 2 months or more. During that period,
the achievable coherence is very low, which can be observed in the forest areas
(Figure 3.10, interferograms 24 and 25) and the waste rock areas (Figure 3.10,
interferograms 24 and 25). This observation cannot be made for the urban areas
(Figure 3.10, interferogram 25) because there is no accumulation of snow in the

urban areas due to snow ploughing.

In the autumn, it can observe very rapid changes in the landscapes. In the forest
and urban areas, the leaves fall from the trees and are deposited on the ground.
Kiruna receives rain during autumn, and towards the end of autumn, the first
snowfall is expected. The fallen snow melts after a couple of days, creating a wet
surface that, for the forest, will lead to elongated wetness due to the leaf litter. All
these factors tend to change the ground conditions rapidly, and it is consequently
observed very low coherence in the autumn for all the test areas (Figure 3.9, in-
terferograms 17 and 31). In the forest areas, the wind is also acting as a major
source of de-correlation. In the summer decorrelation occur due to the shading
of the tree leaves and in the winter, decorrelation occur due to the movement of
the snow surface. With a repeat cycle of 24 days, Radarsat-2 can take 15 images
annually for the ROI, and of those only 7 images can be used for the DInSAR
deformation measurements in the flat waste rock areas (high coherence interfero-
grams in Figure 3.9). Figure 3.15 shows a summer high coherence interferogram

produced using Radarsat-2 U6D beam mode images. Here, the deformation in the
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waste rock area is clearly seen, but the deformation in the Kiruna city area is not
clearly visible. The PSInSAR or CTM techniques can provide better deformation
measurements especially for the city area, but in this study those techniques were

not assessed.

3.5.2 Common master interferograms

In the common master interferograms having a summer master image, there was a
high coherence in the summer season but poor coherence during the winter. Waste
rock area 1 showed the highest coherence, which is approximately 0.8 and drops
to approximately 0.7 after two years. Waste rock area 8 showed a coherence of
approximately 0.72 in the first summer, which then dropped to approximately 0.45
after two years. Because waste rock area 8 lies closer to the mine than waste rock
area 1, waste rock area 8 experiences larger surface deformation, thereby causing
its coherence to drop faster than that of waste rock area 1. Waste rock areas 2-7

also show similar patterns in their coherence changes.

In the common master interferograms, the urban areas lose coherence in the winter,
and even with a longer temporal baseline, they will regain a large part of the
coherence during the summer (Figure 3.9). However, there was a clear drop in
coherence with a longer temporal baseline. When considering the urban areas,
it must be remembered that these areas represent a great variety in landscapes,
such as open grass-covered areas, grounds between the buildings, roads and trees
and that these landscapes are subject to changes over longer temporal baselines.
Therefore, these areas exhibit a drop in coherence but no surface deformation over
a longer temporal baseline. The different values of coherence for urban areas 1,
2, and 3 can be attributed to the variation of the landscapes in the regions of

interest.

In the common master interferograms, the forest areas lost coherence (Figure
3.9) with an increase in the temporal baseline. There was also no regain of the
coherence as the temporal baseline increased. Interestingly, even the summer-to-

summer common master interferograms showed very low coherence.
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3.5.3 Sequential interferograms

In the sequential interferograms, waste rock areas 1-8 (Figure 3.10) showed a
seasonal variation in the coherence, but it differed from the common master in-
terferograms. During the summer months, the interferograms had the highest
coherence (0.8) with almost the same magnitude. The reason for this observation
is that, in the waste rock areas, there are no features that are prone to any type of
change during the summer months (although subsidence does occur in the waste
rock areas, the rate of the surface deformation is too small to show any changes
in the coherence). The winter interferograms showed fluctuations and even high
coherence (0.6) values in the winter. The main reason for this observation is the

unchanged snow surface between the two radar image acquisitions.

The sequential interferograms for the urban areas (Figure 3.10) showed similar
coherence changing patterns as the waste rock areas during the summer, but with
lower values (0.3-0.4). The lower values in the summer are due to the variations
occurring in the landscape (trees, grass cover and open areas) between the two
radar image acquisitions. The winter sequential interferograms showed lower co-
herence values (< 0.25) in the urban areas compared with the waste rock and forest
areas. The reason for this observation is that there are rapid changes occurring in

the snow surface due to human activities (e.g., snow ploughing).

The sequential interferograms showed that the forest areas had relatively high
(0.5) but fluctuating coherence during the winter season. These relatively higher
changes are due to similar snow conditions on the ground between the two ac-
quisitions. Because the coherences had higher fluctuations during the winter, it
is possible to eliminate the change in the scattering mechanism (volumetric scat-
tering in the tree leaves or dihedral scattering from the tree trunks) as the main

contributor to these changes and instead confirm snow as the main contributor.

3.5.4 Full network analysis

Based on the full network analysis (Figure 3.13), it is clearly visible how the
seasonal variation in coherence occurs for all possible combinations of the inter-
ferograms, and the common master interferograms with a winter master image

clearly have poor coherence (< 0.2) in both the summer and winter. Hence, this
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full network analysis showed the importance of the inclusion of a summer master

image in the DInSAR interferograms.

3.6 Conclusion

The interferograms developed for Kiruna region with a summer master image
shows a clear seasonal variation in coherence. The master image should be a sum-
mer image to generate high spatial coherence interferograms. Even with a longer
temporal baseline, the summer-to-summer interferograms for the barren and flat
waste rock areas provide almost the same coherence. Therefore, the summer-to-
summer interferograms are the most suitable for subsidence measurements. Forest
areas lose coherence with an increase in the temporal baseline and do not regain
it seasonally. Urban areas show similar seasonal variation as that of barren and
flat waste rock areas but with a lower magnitude of coherence. If the ground snow
layer remains unchanged during two consecutive images, then high coherence can
be achieved even with a ground snow layer. In spring, the coherence becomes very
poor due to the melting snow and surface water, and in the autumn, the coher-
ence is reduced due to leaf fall, shedding of the tree leaves due to wind, surface
water from rain, and due to the first snow fall. Additionally this study showed
that the winter Radarsat-2 U6D beam mode images are not suitable for DInSAR

deformation measurements in flat waste rock areas in Kiruna.






Chapter 4

Seasonal effects on CRInSAR

measurements

4.1 Introduction

Interferometric Synthetic Aperture Radar (InSAR) measurements of ground de-
formation at high latitudes are known to be particularly affected by long periods of
ground snow cover. This ground snow cover contributes to temporal de-correlation
between subsequent radar images. Artificially introduced radar targets, such as
corner reflectors (CRs), that remain coherent over time are required to be used
as stable scatterers in such regions. The Corner Reflector InSAR measurement
(CRInSAR) is a proven technique that uses CRs as highly coherent point targets,
especially when stable natural scatterers are unavailable in the ROI. CRInSAR
measurements have been well-documented for low-latitude regions [48, 64, 65, 84].
In 2010, 60 CRs were installed in Kiruna to measure subsidence using InSAR.
Building a protective shield at high latitudes is essential to prevent the accumu-
lation of snow within the reflector. However, it is observed that snow can still
accumulate on the CR protective shield during winter. Since 2003, LKAB has
been using Global Positioning System (GPS) techniques to measure the subsi-
dence at both the hangingwall and footwall sides [12]. The Static-GPS technique
(Static-GPS) with one reference station was used between 2003 and 2009. Since
then, LKAB has been using the Static-GPS technique with three reference sta-
tions [85]. In this study, deformation measurements by the Static-GPS and Corner
Reflector InNSAR (CRInSAR) were compared. GPS measurements had been used

53
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in the past along with InSAR measurements to improve the ground deformation
monitoring at low latitudes, correct the atmospheric effects in the InSAR mea-
surements etc. [81, 86]. Methods for processing and combining InSAR and GPS
data are described in many studies [64, 87-90]. However, there were not many pre-
vious studies of high latitude areas that compare Static-GPS measurements with
CRInSAR measurements or studies carried out to quantify errors in CRInSAR

measurements when snow is on the ground and/or on top of CRs.

The inclination angle of the GPS satellites is 55°. Therefore, no satellites signals
are received in the zenith direction north of the corresponding latitudes. If we are
making GPS measurements above latitude 55° (Kiruna is at latitude 67°51'20” N)
the elevation angle of the satellites is reduced as the latitude increases. Because
of this we get better horizontal satellite geometry, but worse vertical satellite
geometry compared to the situation at low latitudes. Therefore, this will decrease

the accuracy of the GPS vertical measurements.

This study had two primary objectives. The first was a comparison of Static-GPS
and CRInSAR measurements to quantify the measurement bias, identify a suitable
CRInSAR processing scheme, and validate the use of CRInSAR for high-latitude
regions in a generalised context. The second objective was to investigate and
quantify the effect of snow (on the ground and/or on top of CRs) in CRInSAR

measurements.

In this study, Static-GPS subsidence measurement data were used as a reference

dataset to quantify CRInSAR measurement errors.

The novelty of this study involves comparing, for high latitudes, the measurement
of a large and wide area CR network with the measurements of a Static-GPS net-
work, and this comparison was used to determine a suitable CRInSAR processing

scheme that can minimise the snow-induced measurement errors.
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4.2 Available data and measurement techniques

4.2.1 Static-GPS measurements

Approximately 400 GPS measurement points are currently situated on both the
hangingwall and footwall sides of the Kiruna iron mine (Figure 4.1). These mea-
surement points were mostly installed as lines starting from the mine proximity
and spreading toward Kiruna city (at the hangingwall side). All GPS measure-
ment points are measured each summer. Additionally, approximately 100 GPS
measurement points (in areas of strategic interest) are measured once in every
three months. Twenty-six GPS measurement points were selected to be compared
with CRInSAR, for which 87 GPS measurements are available from January 2010
to December 2011. Of these measurements, 42 were taken in winter or spring (i.e.,

periods of snowfall), and the rest were taken in summer or autumn.

A typical GPS measurement point installed before 2010 consists of a concrete
cylindrical structure installed deep in the ground. This depth typically reaches
the bedrock or 2.5 m (the ground is frozen approximately 2 m deep in winter).
Figure 4.2 shows a typical measurement point install before 2010. Since 2010,
these concrete structures have been replaced with steel pipes. Figure 4.3 shows a

measurement point installed after 2010.

GPS antennae were placed on 10 GPS measurement points clustered together (For
measurement points installed before 2010, the GPS antennae were placed on top
of tripods and the tripods were carefully aligned with the measurement points;
For measurement points installed after 2010, the GPS antennae could be placed
directly on the steel pipes). Measurements were taken over 30 minutes, after which
8 out of 10 antennae were moved to new measurement points (as a cluster), and the
measurements were continued for another 30 minutes. This procedure was followed
until all the GPS measurement points were covered. LKAB uses GPS data from
3 base stations (Figure 4.4) around the Kiruna mine, owned by the Swedish land
survey organization to calibrate the equipment. The data downloaded from the
GPS instruments and base stations were processed to produce GPS deformation
maps of the area. Leica GPS1200+ Surveying Systems instruments were used
for the measurements, and the Leica “Geo Office” software package was used to

process the GPS data. The measurement accuracies (20) for the GPS instrument
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FIGURE 4.1: GPS and CR network in Kiruna. The red box in the left image

shows the general area where corner reflectors are installed. Right image shows

the CR installed area in high resolution. CRs are marked in purple, and GPS

measurement points are marked in yellow. Selected areas of the image are

masked out to protect LKAB proprietary information (image source: LKAB
and Google maps).
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FIGURE 4.2: GPS measurement points installed prior to 2010 (source: LKAB).

FIGURE 4.3: GPS measurement points installed after 2010 (source: LKAB).
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(static measurements with post processing ) is 6 mm+ 0.5 ppm in the verticle

direction and 3 mm+ 0.5 ppm in the horizontal direction [91].

4.2.2 CRInSAR measurements

To measure the deformation in the Kiruna region, both the ascending and de-
scending tracks were used. Therefore, the CR structure consists of two trihedral
corners placed at the same base (CR pairs) oriented towards both tracks. Figure
4.6 shows such a CR pair. A total of 30 CR pairs were installed in the study
area, 3 of which were installed in stable areas where no deformation was expected.
MDA installed the corner reflectors at the test site. These 3 CR pairs were used as

reference points (Figure 4.4) for the INSAR measurements. The remaining 27 CRs

TABLE 4.1: Distance between GPS benchmarks and CRs

| CR Point | GPS Point | E-W distance from CR (m) | N-S distance from CR (m) |

CR2 L14 20 2
CR3 C8 16 -1
CR4 M12 29 45
CR5 A8 9 6
CR6 L10 18 -8
CR7 M7 38 4
CRS M8 31 1
CR9 M11 20 -6
CR10 H11 165 -27
CR11 H13 35 -8
CR12 H16 4 -20
CR13 H18 28 6
CR14 H32 7 6
CR15 510 17 -2
CR16 S8 36 21
CR17 S11 49 -27
CR18 S13 62 -41
CR19 Nb51 0 -14
CR20 T25 25 8
CR21 T23 29 7
CR22 515 o8 -30
CR23 T29 29 -8
CR24 D60 25 -7
CR25 D50 19 -3
CR26 D53 26 4
CR27 D57 28 -6
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FIGURE 4.4: GPS and CR reference points. Corners of the red triangle are the

GPS reference stations, and the corners of the yellow triangle are the reference

CRs. The blue rectangle indicate the area where the CRs are installed (image
source: LKAB).

were installed at deformation areas without stable natural scatterers. Figure 4.1
shows the distribution of CR and GPS measurement points in the Kiruna area.
Twenty-two Radarsat-2 U6D beam mode images (from March 2010 to Septem-
ber 2011) and 26 CRs (one CR from each CR pair) were used for this study. The
EVInSAR (an InSAR processing software developed by MacDonald, Dettwiler and
Associates Ltd. (MDA), Canada) was used for InNSAR processing. An external
digital elevation model (DEM) was used as an input to the processing chain. MDA
provided the DEM, and it was created by merging a Radarsat-2 DEM with the
ASTER DEM.

Overall, 231 interferograms were produced using 22 images as follows:

1. Initially, the 2010-03-24 image was selected as the master image (this was
the first image acquired after CR installation).

2. The rest of the images and the DEM were co-registered to the master image.

3. Raw interferograms were then produced for all possible image pair combina-

tions.
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4. The topographic and flat earth phases were subsequently removed from the
raw interferograms by using an external DEM and Radarsat-2 orbit infor-

mation.
5. The baseline errors were then optimized and corrected.

6. Atmospheric phase screens (APS) were generated and filtered out from the
interferogram stack, and the average coherence for the ROI was then calcu-
lated.

7. The phase was unwrapped next.

8. Phase unwrapping errors were corrected by using an adaptive deformation

model based on sequential deformation.

9. After the phase unwrapping step, the CR deformation measurements were

extracted from 3 different techniques.

(a) CRInSAR-SBAS-Corrected (CISC) technique: In this technique, only
the interferograms (Figure 4.5 shows the selected interferograms), which
have a higher average coherence ( a coherence threshold value of 0.25,
which is the smallest coherence threshold that precludes any loss of
sequential interferograms) was selected. There were 122 such interfero-
grams. Then SBAS technique was used to extract the CR deformation

measurements.

(b) CRInSAR-SBAS (CIS) technique: In this technique, all (231) the in-
terferograms were selected and the SBAS technique was used to extract

the CR deformation measurements.

(c) CRInSAR-Sequential (CISQ) technique: In this technique, sequential
interferograms (interferograms that have the shortest temporal base-

line) were used to extract the CR deformation measurements.

The surface snow density (0-30 cm from the air-snow surface) of the ground snow
layer around CRs between 2010-10 and 2011-04 was recorded and the density was
found to be between 0.15 g/cm ™3 and 0.4 g/cm™3. The assumption was made that
the density of the snow layer on top of the corner reflectors was the same or less

than the ground snow layer.



Chapter 4. Seasonal effects on CRInSAR measurements 61

20100324
20100417
20100511
20100604
20100628
20100815
20100908
20101002
20101026
20101119
20101213
20110106
20110130
20110319
20110412
20110506
20110530
201106823
20110717
20110810
20110903
20110927

|z0100511
20100604
20100628
20100815
20100908
20101002
201010256
20101119
20101213
20110105
20110130
20110313
20110412
20110506
20110530
20110623
20110717
20110810
20110903
20110927

FIGURE 4.5: Selected interferograms. The X- and Y-axes are image dates, and

the green boxes show the interferograms with average coherences that exceed

0.25. The yellow boxes show the interferograms with average coherence less

than 0.25. The winter images (with snow) are marked in blue, and the summer
images (without snow) are marked in orange.

4.3 Snow deposition on CRs

In high latitudes with long winters and heavy snowfall, CRs need a protective
shield to prevent snow accumulation inside. Accumulating snow can cause struc-
tural damage or change in CR shape, and this could result in an operational failure.
Also, the accumulated snow can introduce additional phase noise to the InNSAR

measurements.

In the Kiruna test site, CRs are equipped with a plastic snow shield. It was
observed that there can be a thin snow layer (about 4-8 cm thick) on top of the
snow cover in winter. Thin ice layers on top of the snow shield have also been
observed. These observations have been made within few hours of the satellite
overpass times. Figure 4.7, Figure 4.8 and Figure 4.9 show scenarios of snow and

ice on a snow-shielded CR. The snow shield works well in case of vertical snowfall.

However, if there is wind, snowfall can take place in a direction perpendicular to

the snow shield and deposit there (Figure 4.10). This snow layer remains on the
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FIGURE 4.6: Shielded CR installed in Kiruna without snow.

snow shield until the gravity pulls it down, or strong wind blows it off. The snow
deposition is accelerated by the buildup of any ice particles on the shield surface

due to snow melting (or wet snow).
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FIGURE 4.7: Shielded CR with a snow layer on top of the shield.

F1GURE 4.8: Shielded CR with a ice layer on top of the shield.
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FIGURE 4.9: CR with inhomogeneous snow cover on top of the shield; some of

the snow has been blown off by wind.

Vertical snow fall 7

Snow fall with wind

Snow Cover

Corner Reflector

Steel Pipe —__

FIGURE 4.10: Function of the snow shield.
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4.4 Methodology

4.4.1 Selection of comparable measurements

First, GPS-CR pairs suitable for comparison was manually identified. Twenty-six
GPS-CR pairs were formed by selecting the closest GPS measurement point to each
CR. Here the assumption was that the deformation signal was spatially smooth and
did not varying significantly over a few tens of meters. Therefore, both techniques
measure the same deformation signal. The distance between a GPS measurement
point and CR (in a GPS-CR pair) ranged from 2 m to 60 m. Next, the temporally
closest Radarsat-2 acquisition (CRInSAR measurement) to a GPS measurement
was identified and formed GPS CRInSAR temporal pairs. The temporal difference
between any GPS measurement and the closest CR measurement was less than
12 days (repeat cycle of Radarsat-2 is 24 days). Again, the assumption was that
the temporal difference between a GPS measurement and the closest CRInSAR
measurement was close enough to show the same deformation in both CRInSAR

and GPS measurements for this comparison.

4.4.2 Converting GPS measurements into radar line-of-

sight

To compare ground subsidence measurements between GPS and CRInSAR, a vec-
tor parallel to the Radarsat-2 line-of-sight (LOS) was calculated using the GPS
East-West, North-South and Vertical vectors (Figure D.1 and D.2).

The calculation was performed as follows:

@EWLOS = (cos(a — ) *COS(g —0)) *@EW (4.1)
@NSLOS = (—cos(i%7T —a) * cos(g —0)) CWNS (4.2)

GP;gVTLOS = (COSQ) * GP%VT (43)
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GPELOS = GPgEWLos + GPgNSLOS + GPEVTLOS (4.4)

where G PSgw is the GPS measurement in the East-West direction, GPSyg is the
GPS measurement in the North-South direction, G PSyr is the GPS measurement
in the Vertical direction, GPSgwros is the line-of-sight component calculated
from the East-West GPS measurement, GPSnsros is the line-of-sight component
calculated from the North-South GPS measurement, G PSy 105 is the line-of-sight
component calculated from the Vertical GPS measurement, GPSos is the vector
calculated parallel to the Radarsat-2 LOS direction (CRrog), « is the heading
angle of Radarsat-2 U6D beam (measured clockwise), and 6 is the incidence angle
of the U6D beam.

4.4.3 Double difference calculations, time series plots and

scatter plots

As mentioned earlier, the GPS measurements (single difference GPS measurements
that are taken relatively to the reference stations) date back to 2003, while the
InSAR measurements are more recent (beginning in 2010). Therefore, only those
GPS measurements temporally overlapping with CRInSAR measurements were
considered, and the GPS double difference values were calculated by interpolating
a GPS measurement value to the first CR measurement date. The interpolated
value was subtracted from the rest of the GPS measurements and can be described
as follows:

GPSrosppiiky = GPSrosik — GPSLosk (4.5)

where, GPS1ospp(ik) is the i LOS GPS double difference value at £ GPS-CR
pair, GPSros(ix) is the i GPS LOS measurement of the k™ GPS-CR pair and

GPSros@,r is the first GPS measurement (interpolated to the first CR measure-
ment date) of the k' GPS-CR pair.

The CRInSAR double difference calculations can be described as follows:

CRrospp(ik) = CRrosar — CRrLosa k) (4.6)
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where, CRrospp(i is the i CR double difference value at k" GPS-CR pair,
CRLos(i 1s the i CR LOS measurement of the k" GPS-CR pair and CRpos(1 1)
is the first measurement of the k* GPS-CR pair.

The time series plots were produced by using the double difference CR and GPS
values. A scatter plot was produced using the CR and GPS double difference

measurements, and the correlation coefficient was calculated.

4.4.4 CRInSAR and GPS velocity plots

By using the double difference GPS and CRInSAR values, the deformation veloc-

ities for the GPS and CRInSAR measurements were calculated as follows:

B CRLospD(n,j)
CRDate(n,j) - CRDate(l,j)

CRLoSV(n.j) (4.7)

where, CRrosv(n,j) is the CR LOS velocity associated to nt" double difference of
5" GPS-CR pair CR0sp D(n,j) 1s the nt" double difference of the CR measurement
for j'™ GPS-CR pair, CRpate(n,j) is the n' CR measurement date at the j* GPS-
CR pair, and C'Rpge(1,5) is the first CR measurement date at 5" GPS-CR pair.

_ GPSLospD(n,j)
GPSpate(n.j) — GPSpate(1,)
where GPS105v(n,j) is the LOS GPS velocity associated to n*" double difference of
j" GPS-CR pair, GPSpate(n,j) is the n'* GPS measurement date of j** GPS-CR
pair, and GPSpge(1,;) is the first GPS measurement date of j* GPS-CR pair.

Here the assumption was that the deformation velocity rate is constant for this

GPSLosv(n)

(4.8)

calculation.

4.4.5 Uncertainties of GPS and CRInSAR measurements

The GPS line-of-sight measurement uncertainty is a function of the GPS measure-
ment uncertainties in the East-West, North-South and Vertical directions and can

be described as follows:

Eapsros = &ars,os (§aPspw  EaPSnss §GPSyr) (4.9)
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where, {aps, g 18 the measurement uncertainty in line-of-sight GPS measurements,
§aPsgy 18 the GPS measurement uncertainty in the East-West direction, {gpsy g
is the GPS measurement uncertainty in the North-South direction and &gpg, . 1S

the GPS measurement uncertainty in the Vertical direction.

The East-West, North-South and Vertical GPS measurements are affected by three
error components: (1) GPS instrument related uncertainties, (2) operator errors
(the improper fixing of the GPS antenna etc.) and (3) errors are due to an insta-

bility in the reference stations. These components can be described as follows:

Saps@) = Emaps@) + Ereraps + Eopaps (4.10)

where {ps(;) is the total uncertainty in GPS measurement in the direction 7 (East-
West or North-South or Vertical), £opaps is the GPS operator error and &gefeps
is the error introduced due to the unstable reference stations. &{ygpse) is the
uncertainty stated in the GPS instrument for the direction ¢ (East-West uncer-

tainty is ({gpsew ), North-South uncertainty is ({gpsns) and Vertical uncertainty

is (apsvr)-

By combining Equation 4.9 and Equation 4.10 we obtain:

§apsros = V Ri1+ Ry + Ry (4.11)

2
0GPS
where R1 = (WSLE?;VS : 5£GPSEW> ;

2
oG PS
R2 = (aGP—SLNOSS : 5fGPSNS> , and

0GPSyr
points are on stable ground. Hence, {gesaps = 0 and the GPS operator error are

considered negligible ( {opaps = 0). The 1o LOS GPS uncertainty ({gpsros) that

, 2
R3 = (m . (5£GPSVT> . Here, the assumption is that the GPS reference

results from this calculation equal 5 mm.

CR measurements feature a degree of uncertainty due to the additional phase
components (Equation 6.1) and the instability of the reference corner reflectors.

This relationship can be described as follows:

Erotcr = Ecr + ERefor (4.12)
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where &ro0r 18 the total uncertainty in the CR measurement, &o, is the measure-
ment uncertainty provided by the InSAR software (after calculations) and Egesor
is the uncertainty due to the instability in the reference corner reflectors. Here,
the assumption is that the CR reference points are on a stable ground. Hence,
Erefor = 0. The measurement uncertainty (1o) provided by the software ({cr) is
5 mm. Therefore, the CR uncertainty (£r.:0r) that results from this calculation

equal 5 mm.

4.4.6 Mean error and Standard deviation of CRInSAR
double difference measurements relative to the GPS

double difference measurements

To calculate the mean error and standard deviation of the CR measurements
(relative to GPS measurements), first, the {p(; ) error vector was calculated by

using all GPS-CR pairs and measurements. The £p can be described as:

€p(ij) = CRLosppi,j) — GPSLospp() (4.13)

where, {p(; ) is the i’ error of i C'Rpog measurement relative to i’ GPSp o5 mea-
surement at j” GPS-CR pair, GPS10spp(i) is the i double difference GPSy0g
measurement at j* GPS-CR pair, CRrosp D, is the it" double difference C'R1os

measurement at j* GPS-CR pair.

Then the mean and standard deviation (1o) of the error vector was calculated. For
this calculation, the assumption was that the GPS measurements were reflecting
the ground truth. The calculated mean and standard deviations are presented in
the results section (Table 4.2).

4.4.7 Mean error and Standard deviation of CRInSAR ve-

locities relative to the GPS velocities

To calculate the mean error and standard deviation of the CR velocities (relative
to GPS velocities), first the & error vector was calculated by using all GPS-CR
pairs, and GPS and CR velocities. The &, can be described as follows:
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{vig) = CRrosviy) — GPSLosvy) (4.14)

where, &y(; ;) is the i error of i C Ry og velocity relative to i GPS;0s velocity
at j'" GPS-CR pair, GPSLosv (i) is the i GPSros velocity at j"* GPS-CR pair,
CRrosv(.,y) is the i CRyog velocity at j** GPS-CR pair.

Then the mean and standard deviation (1o) of the error vector was calculated.
For this calculation, the assumption was that the GPS velocities are reflecting the
ground truth. The calculated mean and standard deviations are presented in the
results Section (Table 4.2).

4.4.8 Uncertainties of Static-GPS and CRInSAR velocities

To calculate the uncertainties of the Static-GPS and CRInSAR velocities, it is
assumed that both measurements have constant mean displacement velocities. By
using error propagation law, error calculations for the CRInSAR velocities can be

described as follows:

5C'RLoswn,j) =vWi+ W, (4.15)

2
where W1 = el
W (CRDate(n,j)fcRDate(l,j) ’

2
— —&TotCr : 4 : th 1; _~f
W2 = (CRDamn,j)fCRDazeu,j)) and §crypsy(,,; 18 the uncertainty in n'™ line-of

sight corner reflector velocity measurement of j** GPS-CR. pair.

Similarly, the error calculations for the Static-GPS can be described as follows:

fGPSLOSV(n,j) =/ U + U (4.16)

2
aps
where U1l = LOS
(GPSDate(n,j)_GPSDG«tE(lvj) ’
2

_ —£GPSpog . . . th s
U2 = (GPSDate(n,j)_GPSDate(l,j) and aps;osy (. ;) 1S the uncertainty in n line-of-

sight GPS velocity measurements of j* GPS-CR pair, The calculated standard
deviations were plotted in the velocity scatter plot (Figure 4.18).
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4.4.9 Student’s T test

A standard Student’s T-test was used to investigate the statistical significance of
the measurement bias of the CRInSAR and Static-GPS measurements. For this
test, the Static-GPS and CRInSAR double difference measurements were used.
Here the assumption is that both the Static GPS and CRInSAR measurements are
normally distributed and the variance of both groups (Static GPS and CRInSAR)

are close enough to perform Student’s T-test ({gpsros is 5 mm and Epgyer 1S

between 5 to 2 mm).

4.5 Results

TABLE 4.2: Correlation coefficient, Mean error and Standard deviation

Parameter CRInSAR- CRInSAR- CRInSAR-
SBAS-Corrected | SBAS (CIS) Sequential
(CISC) (CISQ)

Correlation coefficient | 0.88 0.58 0.63

(for double difference)

Mean error (for double | 1.1 17.9 37.8

difference) (mm)

Standard  deviation | 10.7 30.9 41.5

(for double difference)

()

Correlation coefficient | 0.77 0.43 0.53

(for velocity)

Mean error (for veloc- | 2.5 22.0 50.6

ity) (mm/year)

Standard devia- | 17.8 42.6 57.5

tion (for velocity)

(mm/year)
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FIGURE 4.11: Time series plots of double difference CRInSAR measurements
and double difference Static-GPS measurements. The CISC, CIS, CISQ and
Static-GPS measurements are marked in black, purple and green circles, as well
as red boxes. The cross point of the blue dotted lines is the starting point (zero)

of the plots CR-06 and GPS-L10.
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FIGURE 4.12: Time series plots of double difference CRInSAR measurements
and double difference Static-GPS measurements. The CISC, CIS, CISQ and
Static-GPS measurements are marked in black, purple and green circles, as well
as red boxes. The cross point of the blue dotted lines is the starting point (zero)

of the plots CR-10 and GPS-H11.
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FIGURE 4.15: Time series plots of double difference CRInSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and
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FIGURE 4.16: Time series plots of double difference CRInSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-2 and GPS-M7.
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4.6 Discussion

In this study, the seasonal effects on the CRINSAR measurements were investi-

gated.

4.6.1 Double difference GPS and CRInSAR time series
plots

The double difference time series plots show the deformation measurements of CR-
GPS pairs. Each plot shows the CR measurements derived from each processing
technique (CISC, CIS and CISQ) and Static-GPS measurement. Figure B.6 shows
the double difference time series plot of the CR-06. The time series plots of CR-02
to CR-09, CR-11 to CR-22 and CR-24 to CR-26 shows similar behaviour. The
time series plot of CR-10 is shown in Figure B.23, CR-23 is shown in Figure B.10
and CR-27 is shown in Figure 4.14. The plots clearly show that the CISC tech-
nique gives the best agreement with the Static-GPS measurement results, whereas
CISQ, shows the worst agreement. The CISQ values are 1-5 times higher than
the CISC values, and the CIS technique sometimes showed values at least two-
times higher than the CISC technique. The CISQ technique yielded the highest
CRInSAR values during the summer and winter. These higher deformation values
(Figure B.6, B.10) are due to the atmospheric effects and snow. Residual phase
errors persisted even when using an APS to remove the atmospheric effects. The
output of the CISC and CIS techniques influenced both the summer and winter
measurements. The CISC technique used fewer winter measurements than the CIS
technique. Hence, the output is biased towards the summer measurements and
showed fewer snow-induced errors. Figure B.23 and 4.14 show the phase unwrap-
ping errors in CR-10 and CR-27 measurements. In CR-10, the phase unwrapping
error occurred in the CISC technique. Therefore, the estimated CR deformation
values are lower than the Static-GPS values primarily because CR-10 experienced
a higher rate of deformation compared to the previous months from August 2010 to
October 2010. The CISC technique predicted this high value as noise and a correc-
tion was applied. However, when considering the CIS technique, the deformation
rate between August 2010 and October 2010 (for CR-10) was not significantly
different from its estimations for the previous months. Therefore, no correction

was applied during the deformation estimations. In CR-27, the CIS and CISQ
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techniques failed to distinguish the phase noise from the deformation signal. As
a result, both techniques estimated an uplift of the ground instead of the ground
deformation. The main reasons for the higher noise value in the CRInSAR mea-
surement was the snow deposition on top of the CR shield and the ground snow
layer. This error was not found in the CISC technique because it used fewer winter

images. Therefore, this technique was biased towards the summer measurements.

4.6.2 Double difference GPS and CRInSAR scatter plots

The double difference scatter plots show that the agreement of each technique
with Static GPS as a complete measurement system. Here, the Static GPS mea-
surements were considered as the ground truth. For the entire inter-comparison
period, the CISC (Figure 4.17) method gives the best agreement with a correlation
of 0.88, mean error of 1.1 mm and a standard deviation of 10.7 mm. The other
two techniques yielded low correlation values (0.58, 0.68), high mean errors (17.9
mm, 37.8 mm) and high standard deviations (30.9 mm, 41.5 mm). These high
mean error values are due to the atmosphere- and snow-induced errors. Figure
4.17 shows that the slope of the regression line (green line) does not equal one, and
the CISC estimations are lower than the GPS measurements. The main reason
for this observation is the presence of outliers due to a phase unwrapping error
in CR-10. The black line represents the regression excluding these outliers. The
results are summarised in Table 4.2. The Students T-test was used to investigate
the statistical significance of the mean error of the CISC estimations. The null hy-
pothesis of this Student’s T-test was that both Static GPS and CISC estimations
belong to the same population or that they both reveal the same ground truth.
According to the results, the null hypothesis cannot be rejected at 0.05a level. In
other words, the GPS measurements and CISC estimations are consistent within

the expected error levels for both techniques.

4.6.3 Velocity scatter plots

The velocity scatter plot (Figure 4.18) shows the relationship between the static
GPS and CRInSAR annual velocities and the uncertainty of the measurements.
The velocity plots, like the double difference scatter plots, also show that the CISC

technique agrees best with the Static GPS measurements, yielding a correlation



Chapter 4. Seasonal effects on CRInSAR measurements 78

coefficient of 0.77 and mean error of 2.5 mm/year. The other two techniques
yielded higher mean errors (22 mm/year, 50 mm/year) than the CISC technique.
The higher degrees of uncertainty in the measurement of some outliers is due to
the close measurement dates between the GPS measurements. Table 4.2 shows

the summary of all the results.

4.6.4 Snow induced phase errors and limitations of CISC

technique

The large difference between the CISC and CIS estimations (Table 4.2) shows that
the InSAR winter measurements have significantly larger phase errors than the
summer measurements. The winter snow condition constitutes the main source of
these phase errors in winter, when the temperature is below zero, and the amount
of atmospheric column water vapour is low. This snow induced phase errors in
two ways: The first type of error occurs in the baseline optimisation step of the
InSAR processing, where spatial coherence is the input parameter to optimise the
baseline. Because the ground snow layer directly affects the spatial coherence, it is
not possible to determine the optimum baseline. The second type of error occurs
because of snow layers on top of the protective shields of the corner reflectors.
These snow layers introduce an additional phase to the measurements. So far,
this additional phase error was corrected by using an adaptive deformation model.
However, removing this error can be very difficult if CRs are experiencing non-liner
deformation rates, and/or the thickness or density of the snow layer (on top of
the protective shield) is high. This situation can induce phase unwrapping errors;
Figure B.10 (CISC technique) shows such a scenario. This type of error is one of
the limitations of the CISC technique.

By selecting the interferograms with high average coherence, the error due at-
tributed to the incorrect baseline estimations which can be minimized. How-
ever, in doing so, a considerable number of interferograms were left out from the
calculations and the final results will be biased towards summer measurements.
Additionally, losing the entire set/sets of interferograms related to a particular
image/images (a winter image/images) is possible, and this loss will lead to loss of
measurements for a particular date/dates. In this case, it is needed either to lower
the coherence threshold, which will lead to a higher phase errors in the measure-

ments and more unwrapping errors or to obtain an interpolated value/values for
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the (missing) particular date/dates, which will eventually bias the output towards
the summer measurements. This restriction is another limitation of the CISC

technique.

4.6.5 Assumption

In this study, we assumed that the temporal difference between a GPS measure-
ment and the closest CRINSAR measurement was close enough to show the same
deformation in both CRInSAR and GPS measurements. Since the GPS and CRIn-
SAR measurements are reporting the same ground truth, we can say that our

assumption was correct.

4.7 Conclusion

The Static-GPS and CRInSAR measurements were compared by calculating a
GPS vector component (GPSLog) parallel to the corner reflector line-of-sight. The
GPSros was compared with the CRInSAR measurements (C'Rros), which were
estimated using the following techniques: (1) (CISC): Using the SBAS technique
to process CRInSAR measurements and only using interferograms with a higher
average spatial coherence (higher than 0.25), (2) (CIS): Using the SBAS technique
to process CRInSAR measurements, and with (3) (CISQ): CRInSAR sequential

measurements.

The results show that the CISC technique yielded the closest agreement with
Static-GPS measurements, showing a 1.1 mm mean error and 10.7 mm stan-
dard deviation, while the other two techniques had higher mean errors (17.9 mm,
37.8 mm) and standard deviations (30.9 mm, 41.5 mm). Moreover, the same
technique (CISC) yielded the highest correlation with Static-GPS measurements,
which showed a correlation coefficient of 0.88 for the entire inter-comparison pe-
riod. Conversely, the other two techniques showed lower correlation coefficient
values (0.58 and 0.63). From this study, the arrived conclusions are that (1) snow
conditions in high latitude regions will introduce an additional phase to CRInSAR
measurements. However, this additional phase can be minimized by using only

those interferograms with higher average spatial coherence values and the SBAS
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techniques, which reduces the mean error more than 16-fold. (2) Both Static-GPS

and CISC measurements report the same ground truth.

The limitations of the CISC technique are (1) phase unwrapping errors that can
arise due to corner reflectors experiencing higher /non-liner deformations with a
significant additional snow induced phase. (2) The possibility of losing entire sets
of interferograms related to a particular image (a winter image) due to the removal
of interferograms with lower average coherence. This loss will in turn lead to the

loss of measurements for that particular date.

Although the overall measurement error due to snow was quantified, it was unable
to differentiate the error contribution from the ground snow layer and from the

snow layer on top of the corner reflector shield.



Chapter 5

Improving DInSAR

measurements

5.1 Introduction

DInSAR is a well established and operational method for ground deformation mea-
surements [48]. This technique has been used to monitor deformation around open
pit mines as well as around underground mines [7, 9, 92]. The standard DInSAR
technique has measurement accuracy of the order of a centimeter but requires a
minimum of two satellite images. Sub-centimeter accuracies can be achieved with
the use of InSAR time series techniques (e.g. PSInSAR, CTM). However, those
techniques require more (about 15 or more) satellite images than DInSAR tech-
nique [46, 48]. The requirement of the large number of satellite images is one of the
limitations of the InSAR time series techniques. In most cases, it is possible to get
a prior understating of the areas affected by the mining activities (mining induce
deformation) [12]. In this study, a model deformation (spatial) signal between two
points in the ROI with a known deformation parameters were compared with the
DInSAR deformation measurements (spatial) between those two points. There
are a number of standard techniques (squares as a maximum likelihood estimator,
Chi-square fitting, Singular value decomposition, etc.) to compare set of data with

a model [93]. The basic approach in all those techniques are,

1. Designing or identifying the figure-of-merit function that measures the agree-

ment between the model and the data for given parameters.

81
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2. Adjusting the model parameters to achieve a minimum in the merit function,

which gives the best-fit parameters.

In this study, a comparison was carried out by using (1) RMS error and (2) Cor-
relation coefficient. If the correlation is high or, RMS error is low then the model
has the best-fit parameters. Results from the simulations and validation show
that RMS error fitting technique and Correlation coefficient can be used to im-
prove the DInSAR measurement accuracies to sub-centimeter levels. In this study,
a linear deformation model was used, and further studies are required to validate

non-linear deformation models.

5.2 Methodology

In this section, the proposed methodology was presented.

5.2.1 Ground deformation between two points at the ROI

(ground strain)

A

F1GURE 5.1: Ground deformation at the ROI. A and B are two points at the
ROI. A is at point a, and B is at point b during the first satellite pass. Due to
the ground subsidence A has moved to point @’ and B has moved to point ¢’
during the second satellite pass. [ is a random point between point A and B.
I is at 7 during the first satellite pass and at 7" during the second satellite pass.

Figure 5.1 shows the ground subsidence at the ROI. A and B are two points at
the ROI. A is at point a, and B is at point b during the first satellite pass and
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due to the ground subsidence A is at point ¢’ and B is at point ¥’ during the
second satellite pass. [ is a random point between point A and B. [ is at i
during the first satellite pass and at ¢ during the second satellite pass. During
the first and second satellite passes radar images were taken for the ROI and by
using those images and an external DEM, a DInSAR interferogram was generated.
Noise due to the baseline errors and atmospheric effects were removed by using

baseline optimization technique and using atmospheric phase screen.

The Interferometric phase for any pixel of the interferogram can be written as:

Qﬁ = ¢def(i) + gbnoise(i) (51)

where, ¢ is the interferometric phase measured from the interferogram at pixel i,
Gdefiy is the phase related to the deformation at pixel 7 and, ¢peise(i) is the phase

related to the noise at pixel 7.

The ground subsidence at point B relative to the point A can be written as:

PAB = def(B) + Proise(B) — Pdef(A) — Proise(A) (5.2)

where, ¢ 4p is the interferometric phase related to the ground subsidence at point
B relative to the point A, ¢gef(4) is the phase related to the deformation at point
A, Gnoise(4) s the phase related to the noise at point A, ¢4 f(py is the phase related
to the deformation at point B and, ¢peise(p) is the phase related to the noise at

point B.

The ground subsidence at any point between A and B (relative to point A) can

be written as:

Gi = Pdes(i) + Proise(i) — Pdef(A) — Proise(A) (5.3)

where, ¢; is the phase at point 4 relative to the point A, ¢ger(4) is the phase related
to the deformation at point A, @neise4) is the phase related to the noise at point
A. Pgepiy is the phase related to the deformation at point ¢ and, @pese(s) is the

phase related to the noise at point .
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5.2.2 Deformation modeling

Now let’s assume that the deformation phase at point A (relative to a stable
ground point) is ¢gera). Also, Let’s assume that the model deformation phase
at point A (relative to a stable ground point) as ¢pges(a). Therefore, the error of
the model or the difference between the real deformation and model value can be

written as:

¢6Ph(l$6 - (bdef(A) - (deef(A) (54)

where, @gef(4) is the deformation phase at point A relative to a stable ground point
at the ROL, ¢ pgey(a) is the model deformation phase at point A relative to a stable
ground point at the ROI and, ¢.ppase is the error of the model or the difference

between the real and model values.

To model the deformation closer to the real value or to achieve the best-fit param-

eters, the ¢¢ppase should to be minimized.
5.2.3 Using Root Mean Square (RMS) error fitting to find
the best-fit parameters

The RMS difference between real and model deformation for n number of pixels

in the interferogram can be written as:

n N )2
¢rmsAePha5€ = \/ZZ_1<¢d6f(z) ¢Pdef(l)) (55)

n
where, ¢gef(;) is the deformation phase at point i , ¢ pgey(;) is the model deformation
phase at point . ¢,pmsaeprase 15 the RMS difference of real and model values and,

n is the number of pixels used.

Assuming the model parameters are not too off from the real values (assuming
having a priori knowledge of the approximate deformation value), the minimum

value of the ¢, s4ephase Will give the best-fit parameters.

Using Equation 5.1 and 5.5, RMS difference of real and model values can be written

as:
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7‘1 ei+ noise(t) — ei2
(brmsAePhase = \/le(QSd 10 ¢ © gbpd K )) (56)

n
where, @ger(i) is the deformation phase pixel i , @pgey(;) is the model deformation
phase at pixel 7. @rmsaephase 18 the RMS difference of real and model values,

®noise(i) 1s the noise at pixel 7 and, n is the number of pixels used.

5.2.4 Using linear deformation strain rates between two

points at the ROI

In a two-pass interferogram, each pixel gives the ground deformation between the
first satellite pass and second satellite pass. Let’s take two points (two pixels) A
and B in the interferogram. Now, the phase difference between A and B gives
the ground strain between A and B during first and second satellite pass. Let’s
assume that there is a priori knowledge of the approximate value of the ground
deformation between point A and B. Let’s assume that the ground has a linear
deformation strain between the point A and B, and there are n number of pixels
between point A and B. The deformation strain between point A and B can be

written as:

defp —defa

n

defrateAB = (57)

where, defqeap is the linear deformation strain per pixel between point A and
B, def, is the deformation at point A (relative to the stable ground), defp is the
deformation at point B (relative to the stable ground) and, n is the number of

pixels between point A and B.

By using the Equation 5.7, the deformation at point ¢ can be written as:

defi = (de fratean * 1) + defa (5.8)

where, def,qeap 18 the linear deformation strain rate per pixel between point A
and B, def, is the deformation at point A (relative to the stable ground), def; is
the deformation at pixel i (relative to the stable ground) and, i is the pixel number

starting from point A towards point B.
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Considering the Equation 5.8, The deformation at the point i (def;) can be written

as the deformation phase at point :

_def; 4w

Paefli) = — (5.9)

where, ¢ge(;) is the deformation phase at point ¢ in radians (rad), def; is the de-
formation at point 7 in millimeters (mm), A is the radar wavelength in millimeters

(mm) and, 7 is the pixel number starting from point A towards point B.

Using Equation 5.8 and 5.9 we can write the deformation at point i:

defratean * 1) + de x4
gty = et =) £ 4eJa) 22 (5.10)

where, @ger;) is the deformation phase at point i in radians (rad), defs is the
deformation at point A in millimeters (mm), def,qeap is the linear deformation
rate per pixel between point A and B in millimeters, X is the radar wavelength in

millimeters (mm) and, 7 is the pixel number starting from point A towards point

B.

The deformation at point ¢ can be model by using a model deformation rate
between points A and B (Equation 5.10):

Pdef,qienan * 1) + de * 47
OPdef(i) = ((Pdefrateas )\) fa) (5.11)

where, ¢pges(i is the model deformation phase at point 4 in radians (rad), def, is
the deformation at point A in millimeters (mm), Pdef,qecap is the model linear
deformation rate per pixel between point A and B in millimeters (mm), A is the
radar wavelength in millimeters (mm) and, 7 is the pixel number starting from

point A towards to the point B.

By using Equation 5.7 and 5.11, the ¢,,saeprase can be calculated and by minimiz-
ing the ¢,msacphase, the deformation between point A to B can be model closest

to the real value.
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5.2.5 Correlation coefficient between measurement and the

model deformation

Linear correlation or the dependence between two variables X and Y is calculated
by Pearsons correlation coefficient. The calculation provides a value between +1
and -1 inclusive, where 1 signifies a total positive correlation, 0 for no correlation,
and -1 is a negative correlation. It is a widely used measure in the field of sciences as

a measure of the degree of linear dependence between two experimental variables.

By using Pearsons correlation coefficient, the correlation of the measurement and

model deformation between A and B can be calculated:

(¢(def(i) - ¢def(Mean)) * (¢(Pdef(7;) - ¢Pdef(Mean))

CRF = —— AL :
Vo (Ddes iy — Pdes(Mean))® 2orr (D (Pdef(i) — PPdef(rean))

(5.12)

where, @gef(;) is the measured deformation phase at pixel i in the interferogram,
@def(Mean) 1S the mean measured deformation, ¢pgef(rrean) is the mean model de-
formation, ¢pgey(;) is the model deformation phase at pixel ¢ and, n is the number

of pixels between A and B.

Correlation coefficient will be maximum, when the model value (model deforma-
tion between A and B) is closest to the real value (real deformation between A
and B).

5.3 Simulation

Matlab (version 2012 b) was used as the simulation tool.

5.3.1 Constructing the spatial deformation signals

First step of the simulation is to construct a deformation signal without noise.
The constructed signal (without the noise) is used as the model deformation sig-
nal for the simulation. The Equation 5.10 was used to create the deformation

signal. The distance between A and B is taken as 100 meters and in a Radarsat-2
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interferogram this distance is approximately equal to 33 pixels. For this simula-
tion, deformation signals were constructed with different linear deformation rates
(de fratean) between 0.01 mm per pixel to 25 mm per pixel. Figure 5.2, 5.3 and 5.4
shows model deformation signal (in blue) with different deformation rates. wave-
length of the model signal is a function of the deformation rate, and amplitude of
the model signal is the pixel phase value. The simulated real measurements or the
real deformation signal was constructed by adding a random noise to the model
deformation signal. After adding the random noise, some of the pixels can show
phase values higher than 7. In that case, the pixel phase values were kept between
7w and —m, by subtracting k7 (k is an integer) from each pixel phase value. In
the same way, if the pixels show phase values lower than —7, then the pixel phase
values were kept between m and —m, by adding k7 (k is an integer) to each pixel
phase value. Different real deformation signals were constructed from 0.1 SNR
to 0.9 SNR. The SNR was defined by the ratio of signal and noise powers. The
SNR thresholds were selected by assuming that the deformation strain between
two points (100 meters apart from each other) can be represented by a noisy signal
(SNR < 0.9) in a Kiruna summer interferogram. Figure 5.2, 5.3 and 5.4 shows
the simulated deformation signal (in red) with different deformation rates and
different SNRs.

Simulated deformation signal for 3 mm deformation per pixel
T T T T T ;

Deformation 3mm per pixel
Deformation 3mm per pixel, SNR=0.75| |

Interferometric phase (rad)

4 1 1 1 1 L 1
] 5 10 15 20 25 30

Pixel number (from A to B)

FIGURE 5.2: Simulated deformation signal with and without noise. The simu-
lated deformation rate is 3 mm/pixel. SNR is 0.75
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Simulated deformation signal for 5 mm deformation per pixel
5 T T T T T T
Deformation 5mm per pixel
e Deformation 5mm per pixel, SNR=0.5| |

Interferometric phase (rad)

4 L 1 L L L L
] 5 10 15 20 25 30

Pixel number (from A to B)

FIGURE 5.3: Simulated deformation signal with and without noise. The simu-
lated deformation rate is 5 mm/pixel. SNR is 0.5

Simulated deformation signal for 3 mm deformation per pixel
5 T T T T T T
Deformation 3mm per pixel
e Deformation 3mm per pixel, SNR=0.9| |

Interferometric phase (rad)

4 1 1 1 1 L 1
0 5 10 15 20 25 30

Pixel number (from A to B)

FIGURE 5.4: Simulated deformation signal with and without noise. The simu-
lated deformation rate is 3 mm/pixel. SNR is 0.9
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5.3.2 RMS error fitting simulation

For the RMS error fitting simulation, first a simulated deformation signal was
constructed for a known deformation rate and known SNRs. The simulated defor-
mation rate is chosen between 0.0lmm per pixel to 25mm per pixel. The 25mm
per pixel is used as the upper limit to the simulated deformation signal to avoid
any wrap phase between two pixels. Then series of model deformation signals
were constructed from deformation rate 0.0lmm per pixel to 25mm per pixels.
The deformation rate difference between two subsequent signals is 0.0lmm per

pixel.

Then the RMS error was calculated for each model signal with the simulated
deformation signal and plot the graph RMS error Vs Predicted deformation rate.
The minimum RMS error gives the best-model deformation rate for the simulated

deformation rate.

5.3.3 Correlation coefficient simulation

For the Correlation coefficient method simulation, first a simulated deformation
signal was constructed for a known deformation rate and known SNRs. The sim-
ulated deformation rate is chosen between 0.01lmm per pixel to 25mm per pixel.
The 25mm per pixel is used as the upper limit to the simulated deformation signal
to avoid any wrap phase between two pixels. Then series of model deformation
signals were constructed from deformation rate 0.0lmm per pixel to 25mm per
pixels. The deformation rate difference between two subsequent signals is 0.01mm

per pixel.

The Correlation coefficient can be calculated using Equation 5.12 for each model
signal with the simulated deformation signal and plot the Correlation coefficient
Vs Predicted deformation rate graph. The Maximum Correlation coefficient gives

the best-model deformation rate for the simulated deformation rate.

5.4 Validation methodology

For the validation of this proposed method, the DInSAR and CTM measurements

that are produced for the Kiruna region were used.
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5.4.1 Selection of the ROI

The ROI (Figure 5.5) was carefully selected to observe considerable deformation
rates in the CTM measurements as well as in DInSAR measurements. Therefore,
the buildings in the edge of the Kiruna city limits were selected for the valida-
tion. Since we are using DInSAR interferograms without phase unwrapping, we
assumed that the deformation strain between two adjacent CTM targets inside
the ROI is less than 28 mm for the selected period. For example, if we generate
an interferogram by using one year apart images, then the strain rate between two
adjacent CTM targets inside the ROI should be less than 28 mm /year.

FIGURE 5.5: Selected ROI for the validation. The selected area is marked in
the blue box (image source: Google earth).

5.4.2 Selection of DInSAR interferogram and CTM tar-
gets

The CTM time series was generated by using 34 Radarsat-2 U6D beam mode (from
March 2010 to September 2012) images. A external digital elevation model (DEM)
was used as an input to the processing chain. EVInSAR was used for InSAR
processing. 561 DInSAR interferograms were produced using the 34 images. 2010
June image was selected as the master image and the rest of the images, and the
DEM was co-registered to this image. Raw interferograms were then produced

for all possible image pair combinations. Topographic and flat earth phases from
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the raw interferograms were removed by using the DEM and Radarsat-2 orbit
information. Interferograms with low spatial coherence for the ROI (< 0.3) was
removed from the interferogram stack. Optimization and correction of baseline
errors were then performed. Atmospheric phase screens (APS) were generated
and filtered out from the interferogram stack. The coherence threshold of 0.8 was
used to identify the CTM targets. The reference phase was extracted from the
stable CTM targets (CTM targets far away from the mine) and removed from
the interferograms. Then CTM phase was unwrapped spatially. Then CTM time

series measurements were produced for the ROIL.

For the validation, a summer-to-summer interferogram generated from 2010-05-
11 and 2012-05-24 images was selected. Summer-to-summer interferogram was
selected to extract stable phase measurements from the ROI. An interferogram
with two years time span was selected to achieve high deformation rate between
point A and B.

5.4.3 Selection of points A and B

The points A, and B are selected in such a way that both A and B are visible in
the CTM measurements, and both points A and B are subsidizing relatively to
the stable grounds (areas away from the city). Also, the points A and B are about
100 meters away from each other. Since point B is closer to the mine compare to
the point A, point B has higher deformation rate compare to point A. The Figure
5.6 shows the points A and B in the DInSAR interferogram.

5.4.4 Selection CTM points between A and B

For the validation, 6 CTM points between A and B (including points A and
B) were selected. These CTM points were selected in such a way that they are
equally spaced between points A and B. The CTM time series measurements were
extracted for the selected CTM targets for the period 2010 May to 2012 May. The
deformation from A to B (relative to A) can be written using CTM measurements

as:
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FIGURE 5.6: Points A and B: Interferogram is shown in the left, and the
backscatter image is shown in the right image.

de forma) = deformy—deforaay, ---deformey—de fornay, ---de ferm sy —de forna
(5.13)

where, deforas) is the deformation extracted from CTM time series at point

i relative to point A for the period 2010 May to 2012 May, defcra(a) is the

deformation extracted from CTM time series at point A for the period 2010 May

to 2012 May and, defora gy is the deformation extracted from CTM time series

at point B for the period 2010 May to 2012 May.

5.4.5 Selection of pixels between A and B from the DIn-
SAR interferogram

The 2010 May to 2012 May DInSAR interferogram was used to extract the phase
from the selected pixels. Thirty two equally spaced pixels between points A and
B were selected. Some of these pixels are bright pixels, and some of them were
not that bright. Most of the pixels were not CTM points. A deformation signal

from A and B for the selected 32 pixels can be written as:
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Bdef = Pdef(A) — Pdef(A)s - Pdef(s) — Pdef(A)s ---Pdef(B) — Pdef(A) (5.14)

where, ¢gef(;) is the deformation phase at point i, ¢gef(4) is the deformation phase
at point A, ¢4.f(p) is the deformation phase at point B and, ¢qey is the simulated

deformation signal.

5.4.6 Validation

For the RMS validation, a deformation signal was constructed as described in the
Section 5.4.5. Then series of model deformation signals were constructed starting
rate from 0.01 mm per pixel to 25 mm per pixels. The deformation rate difference
between two subsequent signals is 0.01 mm per pixel. Then the RMS error was
calculated for each model signal with the deformation signal and plot the RMS
error Vs Predicted (model) deformation rate graph. The minimum RMS error

gives the best-model deformation rate.

In the same way, the Correlation coefficient (using Equation 5.12) was calculated
for each model signal with the deformation signal and plot the Correlation coef-
ficient Vs Predicted (model) deformation rate graph. The Maximum Correlation
coefficient gives the best-model deformation rate. A manual optimization was
carried out visualize the RMS error or Correlation coefficient for each model de-

formation rate.
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5.5 Results

5.5.1 RMS error simulation

RMS error
[« o o
~ 0o [(e]
——
L

il

0.5

04 i i
0 5 10 15 20 25 30
Predicted Deformation rate between point A and B (mm/pixel)

FiGure 5.7: RMS error between simulated ground deformation and model

signal. The simulated ground deformation rate is 5 mm/pixel with 0.9 SNR. “X”

axis is the Predicted (model) deformation rate (mm/pixel) and “Y” axis is RMS

error. Minimum RMS error gives the best-fit model (predicted) deformation
rate.
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FIGURE 5.8: RMS error between simulated ground deformation and model sig-

nal. The simulated ground deformation rate is 12 mm/pixel with 0.5 SNR.

“X” axis is the Predicted (model) deformation rate (mm/pixel) and “Y” axis is

RMS error. Minimum RMS error gives the best-fit model (predicted) deforma-
tion rate.
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FIGURE 5.9: RMS error between simulated ground deformation and model

signal. The simulated ground deformation rate is 3 mm/pixel with 0.9 SNR. “X”

axis is the Predicted (model) deformation rate (mm/pixel) and “Y” axis is RMS

error. Minimum RMS error gives the best-fit model (predicted) deformation
rate.

5.5.2 Correlation coefficient simulation
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FIGURE 5.10: Correlation coefficient between simulated ground deformation

and model signal. The simulated ground deformation rate is 12 mm/pixel with

0.75 SNR. “X” axis is the Predicted (model) deformation rate (mm/pixel) and

“Y” axis is Correlation coefficient. Highest Correlation coefficient gives the
best-fit model (predicted) deformation rate.
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FIGURE 5.11: Correlation coefficient between simulated ground deformation

and model signal. The simulated ground deformation rate is 0.68 mm/pixel

with 0.5 SNR. “X” axis is the Predicted (model) deformation rate (mm/pixel)

and “Y” axis is Correlation coefficient. Highest Correlation coefficient gives the
best-fit model (predicted) deformation rate.
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“Y” axis is Correlation coefficient. Highest Correlation coefficient gives the
best-fit model (predicted) deformation rate.
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5.5.3 Validation results

The Figure 5.14 shows the best-model linear deformation rate from A to B as 0.41
mm per pixel or approximately 13 mm (for 32 pixels). The Figure 5.15 show linear

deformation rate from A to B as 10 mm from the CTM measurements.

x10f CTM Measurements From U6D Beam Mode
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FIGURE 5.14: RMS error between real and model deformation signals. Mini-

mum RMS value shows the closest model linear deformation rate from points A
to B.
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FIGURE 5.15: Deformation from A to B from CTM measurements. CTM point
1 is point A and the CTM point 6 is point B.

5.6 Discussion

The simulation result shows that by using the RMS error minimizing it is possible
to predict the ground deformation more accurately. In the same way, the Corre-
lation coefficient can be used to predict the deformation. Moreover, both RMS
error minimizing and Correlation coefficient methods give same results for larger
deformation rates. Correlation Coefficient shows slight variations (appears to be
a constant value when rounding up to two decimal points) for small deformation
rates (deformations less than 1 mm per pixel). Therefore for small deformation
rates, it is not possible to identify a clear peak in the graph and failed to predict
the correct value (5.11). The validation results show that, deformation estimated
between point A and B from the CTM analysis is 10 mm and the deformation
estimation from proposed RMS error minimizing is approximately 13 mm. There
was only one area in the ROI that demonstrated this magnitude (10 mm defor-
mation between two points) deformation with an approximate linear behaviour
and which had CTM time series measurements. Therefore, only this data set is
used for this validation, and this was one of the limitations of this validation.
There are few limitations of this proposed technique. The first limitation is the
requirement of prior information about the deformation patterns in the ROI. For
mining induced deformation, most of the time this information is available and

the highest deformation appears closer to the mine. Moreover, the deformation
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magnitude decreases when moving away from the mine. However, if there are mul-
tiple mining areas in the ROI, the deformation pattern can be complex. In that
case it is needed to use a non-linear deformation model. In this study, only the
linear deformation model was used, and further studies are required to validate

non-linear deformation models.

If our assumption was incorrect, then there will be wrap phase errors in the mea-
surements. These wrap phase errors will lead to inaccurate estimations of the
deformation, and that will result in failure in the validation. Since the CTM mea-
surements and our predicted deformation values are close, we can say that our

assumption is correct.

5.7 Conclusion

In this study, a model deformation signal between two points in the ROI with a
known deformation parameters are compared with the DInSAR deformation mea-
surements between those two points. The comparison was performed by using (1)
RMS error and (2) Correlation coefficient. The best-fit model signal will give the
least RMS error or the highest correlation to the measurement. The validation
shows that the proposed technique can be used to improve the DInSAR defor-
mation measurements up to sub-centimeter accuracies. Major limitation of this
technique is the requirement of prior information about the deformation in the
ROI. Simulations and validation (using CTM measurements) were carried out for
linear deformation models, and further studies are required to validate non-linear

deformation models.



Chapter 6

Improving North-South InSAR

measurements

6.1 Introduction

This chapter presents a novel method to achieve accurate North-South measure-
ments from repeat-pass InNSAR by using compact active transponders (CAT). Stan-
dard InSAR techniques measure the ground movement only in the line-of-sight
direction. Currently, operational SAR satellites have polar orbits, and the line-
of-sight measurement contains only information from the vertical and horizontal
(essentially East-West) change. The lack of robust measurements for North-South
(NS) ground motion is observed as an impediment to the acceptance of InSAR as
a complete measurement tool. This study was carried out to identify the basic
requirement for a method, to achieve accurate NS measurements. An in-depth
analysis of the functionality of CAT devices and fundamental InSAR equations
were used for this purpose. The use of CAT devices enables the measurement of
NS ground movement with the same level of accuracy as line-of-sight. In con-
clusion, the proposed method is workable but requires validation through field

experiments.

6.1.1 Compact Active transponders (CAT)

A Compact Active transponder (CAT) is an electronic device which has the same

function as a corner reflector. The device can receive radar signals from SAR

101
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satellites and automatically transmit the received signals back to the satellite. In
InSAR measurements CAT are used as stable backscattering targets [94]. Figure
6.1 shows a commercially available CAT device used for InNSAR measurements [95]
and figure 6.2 shows installed CAT devices in the field [96]. The device will only
awake during the satellite passes and rest of the time the device will be in the sleep
mode. The devices usually weigh a few kilograms, and battery lasts more than 12
months. After installation of the devices, there is no need for any manual labour
unless there is a repair activity or to change the batteries. Figure 6.3 shows a simple
block diagram of a CAT device. Use of CAT in InSAR measurements has been
well documented, and CAT can provide sub-millimeter accuracies in the InSAR
ground movement measurements [97]. By using a pulse encoding transponder
design, it is possible to accurately locate the returns and process the phase change

independently of any ground noise [98].

FIGURE 6.1: Commercially available CAT devices: The REFLEcX series of
compact RF transponders. Developed by SEA company UK (image source:
SEA [95]).
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FIGURE 6.2: Commercially available CAT device installed at the field (image
source: [96])

|Antenna {RX)l

Receiver (R)

Control i*.lactmnics

Transmitter (T)

|Antenna (TX)

FIGURE 6.3: Simple block diagram of a CAT device
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6.2 Proposed method

The proposed method requires a minimum of three CAT devices. The CAT devices
are required to place on the ground as shown in Figure 6.4 to measure the North-
South ground movement between point P2 and P1. CAT1 and CATS3 are placed on
the point P2 and CAT?2 is placed on the point P1. Line-of-sight visibility between
CAT1 & CAT2, and between CAT2 & CAT3 is essential. This proposed method
can be used to measure the changes in the line-of-sight distance (between CAT1 &
CAT?2 or between CAT2 & CAT3) distance (Dys) between points P1 and P2. The
receiver antenna from CAT1 is facing the satellite and the transmitter antenna
from CAT1 is facing the receiver antenna of CAT2. The transmitter antenna of
CAT?2 is facing the receiver antenna of CAT3. The transmitter antenna of CAT3
should be facing the satellite. The frequency characteristic of the receiver from
CAT1 and transmitter from CAT3 should match the satellite transmitter and
receiver. The frequency characteristic of the transmitter from CAT1 and receiver
of CAT2 should also match.

Satellite track

Satellite

P4

FIGURE 6.4: Proposed transponder placement in the field. The ’r’ is the ground
distance between point P1 and P2.
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6.2.1 Theory

The interferometric phase can be written as [19]:
o = (I)los + (I)topo + q)orb + (Datm + (I)noise (61)

where ® is the phase difference calculated from the interferogram, ®, is the
phase difference due to the line-of-sight movement of the ground, @y, is the
topographic phase and flat earth phase, &, is the phase due to the incorrect
baseline measurements, ®,,,, is the phase due to atmospheric water vapour and,

D oise 1s phase due to thermal noise in the system.

Equation 6.1 can be modified as follows for the proposed 3CAT method:
¢ = (I)los + <I)NS + (Dtopo + (I)orb + q)atrn + (I)noise + CI)CAT (62)

where @y, is the phase difference due to line-of-sight (to the satellite) movement
of ground at point P2, ®yg is the line-of-sight (between CAT1 & CAT2 or between
CAT2 & CATS3) phase difference due to the North-South ground movement be-
tween point P2 & P1, and ®car is the phase difference due to the uncertainties in
the response times (time delay between detection and emission of a radar pulse)
of CAT1, CAT2 and CATS3.

6.2.2 Layover effect

In this proposed 3CAT method, the radar pulse transmitted from CAT3 will ap-
pear in the SAR image as a layover point. As shown in Figure 6.4, the backscatter
signal from point (P4) will reach the satellite at the same time as of the trans-
mitted signal from the CAT3. Therefore, there will be a bright pixel in the SAR
image in the place where point P4 lies. The required time for the radar pulse to

travel from the satellite to the layover point and return to the satellite is:

Tlayover = TLOS 1 TNS + TCAT (6.3)

where Tiayover 1S the time required for a radar pulse to travel from the satellite to
layover point and return to the satellite, g is the total time required for an

emitted radar pulse to reach the point P2 and travel back to the satellite, g is
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the total time required for a radar pulse to travel from CAT1 (point P2) to CAT2
(point P1) and return to CAT3 (point P2), 7car is the sum of the response times
(internal delays) of CAT1, CAT2 and CAT3. The layover point(P4) will be in
the far range direction away from point P2, and the line-of-sight distance between

layover point and the satellite will be:

Tayover
Dlayover = }/2 *C (64)

where Diayover i the line-of-sight distance to the layover point P4 from the satellite
and c is the velocity of light. The North-South displacement between point P1
and P2 can only measure if the layover point lays inside the SAR image and for

that, the following condition should be met:

7_layover < Ttar (65)

where T¢,, is the time required for an emitted radar pulse to reach the far range

and return to the satellite.

6.2.3 CAT response time requirement

The response time of a CAT device is crucial for this proposed method and in
this section the time requirements were calculated. Here I define two types of
CAT response time requirements. The first is the critical time requirement, which
will define the critical condition for the CAT device. If a CAT device fails the
critical time requirement, then it is not possible to use that CAT device in this
proposed method. The second is the typical time requirement which will define
the typical CAT device for the proposed method. The criteria for the typical time
requirement calculation is that at least 90% of the area covered by the satellite
image can be used for this proposed method, and to achieve that the distance
between far-range and the point P1 should be less than 10% of the swath width.
The distance between the points P1 and P2 will effect the distance between of P2
and P4. The distance between points P1 and P2, beam incident angle, satellite
image swath width, satellite altitude are the other parameters which will effect to

the CAT response time requirements.
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6.2.3.1 CAT critical response time requirement For Radarsat-2 U6

beam mode images

Satelltite

Far-range

FIGURE 6.5: SAR image acquisition geometry.

From Equation 6.3 and 6.5 we can show that:

TcAT < Tfar — TLOS — TNS (6.6)

To get the critical response time for the CAT devices, the 11,05 and 7ng should
be minimum. The smallest value for 7,05 can be achieved when the point P2
is placed in the near range (Figure 6.5). The magnitude of mys depends on the
line-of-sight (CAT to CAT) distance (Dys) between point P1 and P2 and for this

calculation the assumption was that the Dyg to be 100 m. The near-range incident
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angle (0,) for the Radarsat-2 U6 fine-beam mode image is 34.0277° and the far-
range incident angle (6¢) is 35.395°. The height of the satellite (h) is 802.43 km.

Assuming a spherical earth model and using the cosine law, the far-range distance

(Dy) and near-range distance (D,,) can be calculated. For these calculations we

used the earth radius (R,) as 6357 km.

R? = D} + (h+ R.)> = 2.Dy.(h + R.).cos(0y)
R?=D2+ (h+ R.)*—2.D,.(h+ R.).cos(6,)

Equation 6.7 can be rearrange as:
D3 — [2.(h + R.).cos(6;)].Dy + (h* + 2.R..h) = 0

By solving Equation 6.9 the value for D¢ can be calculated:

Dy =(h+ R.).cos(y)
— /(b + Ro)2.cos?(8;) — (h2 + 2.R. 1)

in same way the D,, can be calculated:

D,, =(h + R.).cos(6,)
— /(h+ R.)2.cos2(0,) — (h2 4 2.R..h)

The Equation 6.6 can be rewrite using Dy, D,, and Dys:

2.D; 2D, 2.Dxs
C C

ToaT <

(6.9)

(6.10)

(6.11)

(6.12)

By substituting Radarsat-2 U6 beam mode values to Equation 6.10 and 6.11, the
Dy and D,, can be calculated. By substituting Dy, D,, and Dys to Equation 6.12,

following equation can be obtained:

Tear < 1.3338 % 1074 s
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Assuming that CAT1, CAT2 and CAT3 have identical internal delays, the critical

time requirement for an individual CAT device is one-third of 7cat:

Teritical < 4.4459 10_5 S

6.2.3.2 CAT typical (recommended) response time requirement for

Radarsat-2 U6 beam mode images
For the typical time requirement, Equation 6.6 can be modified as follows:

TcAT < Tfar — Ttypical — TNS (613)

where Tiypical 15 the time required for an emitted radar pulse to reach point P1
(the distance between far-range and the point P1 is 10% of the swath width) and
return to the satellite. The Equation 6.12 can be modified for the typical time

requirement as:
2.Dy B 2. Diypical B 2.Dns

Cc C

TcaT < (6.14)

where Dyypical is the line-of-sight distance between the satellite and point P1. By

using sine law (Figure 6.5) we can derive 1, and 1;:

Sin(0,) _ Sin(y,)

1
Re Dn (6.15)
Sm(Qf) _ SZ’I‘L(@/)f) (6 16)
Re Df '
By using the cosine law, the Diypical can be derived as follows:
Diypical = v/ Re2 + (Re + h)2 — 2.Re.(Re + h).cos(7) (6.17)

where v = ((¢f — 1y,) *0.9) +1,,) by using Equation 6.15, 6.16, 6.17 and 6.14 the

ToaT can be calculated as:
Toar < 1.294 % 10755

Assuming that CAT1, CAT2 and CAT3 have identical internal delays and, there-

fore, the typical time requirement for an individual CAT device is one-third of

TCAT-

Tiypical < 4.3146 % 10~ %
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6.3 Discussion

Although this proposed method can measure the North-South ground movement
with the same measurement accuracies as the line-of-sight measurements, there

are following limitations;

6.3.1 Requirement of Line-of-sight visibility between transpon-

ders

One of the limitations of the proposed method is the requirement of line-of-sight
visibility between transponders (Figure 6.4; between CAT1 and CAT2 and be-
tween CAT3 and CAT2). This requirement can be fulfilled if points P1 and P2
are on barren flat regions. However, it can be challenging if the points (P1 and
P2) are inside a forest or urban area where there are trees or buildings in be-
tween. For urban areas, the problem can be solved by placing the CATs on top
of buildings. However, the multipath reflections from surrounding buildings or
trees can interfere with the measurements and field tests are required to make any

conclusions.

6.3.2 Layover effect

One of the limitations of the layover effect is that any bright targets in point P4 will
interfere with the InNSAR North-South measurements (Figure 6.4; between P1 and
P2). Therefore, it is necessary to make sure that there are no bright targets in point
P4. This goal can be achieved either (1) by selecting the distance between P1 and
P2 in such a way that the layover point (P4) will appear on the area where there are
no bright targets or (2) by removing any bright targets (if possible) from the point
P4. Another limitation of this layover effect is that to achieve the North-South
measurement (between point P1 and P2), P4 should be visible in the image. The
placement of P1 (and P2) will depend on the response time of the Transponders
(CATs), beam incident angle, satellite image swath width, satellite altitude are
the other parameters which will effect the CAT response time requirements. The
main advantage of this layover effect is that it can use to measure the North-
South ground movement and the line-of-sight ground movement (at point P1)

from a single satellite track. By placing proposed transponder arrangement in both
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North-South and East-West directions, it is possible to achieve three-dimensional

ground movements from a single satellite track.

6.3.3 CAT visibility in SAR image

Section 6.2.2 presents the layover effect. However, to find the exact location of the
layover point, we need to treat the SAR processing as a two-dimensional problem.
In the raw SAR data, the signal energy from a point target is spread not only in
the range direction but also in the azimuth direction. In range direction, the signal
is spread by duration the linear FM transmitted pulse. In azimuth direction, the
signal is transmitted over the length of the synthetic aperture. Most of the SAR
sensors use the range-Doppler algorithm to processes the collected SAR data into
an image. When a point target passes through the azimuth antenna beam, range
or the distance to the target will change. Because of this range variation, there will
be a phase variation in the received signal that is a function of azimuth. This phase
changes over the synthetic aperture complement to the Doppler bandwidth of the
azimuth signal and allows the signal to be compressed in the azimuth direction

[99).

Now when we place CAT device in the field, because of its response time delay,
there will be a delay in the CAT transmitted signal compared to a backscatter from
a stationary target. This time delay will lead to changes in the Doppler frequency
chirp and Doppler shift. This problem is more analogs to a moving target in the
ROLI.

When a target is moving in the range direction, then the Doppler shift is changed
compared with that from a stationary target. Moreover, when the target is moving
along the aperture, the Doppler frequency chirp will change. As a result of above
affect, moving targets will give significant position errors in azimuth and smearing
effect in both range and cross-range [100]. Therefore when using a CAT device
in the field, depending on the CAT response time, CAT device should show a
significant position error (layover effect) in both azimuth and range directions in
the image. Also because of the CAT time delays there will be defocusing effect

and also smearing effect in both range and cross-range directions.
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6.3.4 Replacing one transponder with a corner reflector

The proposed method requires a minimum of 3 transponder devices (3CATs). The
proposed method can be modified to a 2CAT-CR method by replacing CAT2 with
a corner reflector. In that case the frequency characteristic of the transmitter
of CAT1 should be same as the frequency characteristic of CAT3 receiver. It
is also important to avoid any direct emission from CAT1 to CAT3 since both
transmitter and receiver frequency characteristic are the same. The advantage of
this modification is that it can reduce the total delay time by one CAT device and
therefore Diyyover 1s less than for the proposed (3CAT) method. The disadvantage
of this modification is that the backscattering/reflection of the surroundings of the

CR can affect the measurement.

6.3.5 3D ground movement measurements by using a sin-

gle satellite track

In this proposed method, CAT devices will redirect the radar waves in any direction
and back to the satellite. Depending on the placement of the transponders, the
proposed method can be used to measure the North-South ground movements,
as well as East-West ground movements (or 3D ground movements) from a single

track.

6.4 Conclusion

In this study, a novel method to improve the InSAR North-South measurements
was investigated. This proposed method can deliver InSAR line-of-sight accuracies
for the North-South measurements. The proposed method requires a minimum of
three transponders (CAT devices) to measure the North-South ground movement
between two points. The response times of the transponders are critical parame-
ters for this method. The distance between selected ground points, beam incident
angle, satellite image swath width, satellite altitude will determine the required
CAT response times. For a Radarsat-2 U6 fine-beam mode image, the critical re-
sponse time for a CAT device is 1.3338 x 10~*s and the typical or recommended
response time for a CAT device is 4.3146 x 107%s. The requirement on CAT de-

vices, line-of-sight visibility between CAT devices and layover effects are identified
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as limitations. Validation of the proposed method is an interesting topic for future

work.






Chapter 7

InSAR measurements around

Kiruna iron ore mine

7.1 Introduction

This chapter presents the result of a study carried out to identify the applicability
of InSAR techniques for deformation measurements around Kiruna iron ore mine
and Kiruna city area. For this study, EVInSAR software and its standard process-
ing tools were used. Due to the underground mining activities ground deformation
taking place around the Kiruna underground mine. With the continuous mining
activities, the area affected by the mining induced ground deformations is spread-
ing toward the Kiruna city. Therefore, it is important for LKAB to identify the
affected areas. At present LKAB is using Static GPS technique to measure the
deformation around the Kiruna iron ore mine and Kiruna city area. Currently,
LKAB is exploring the possibility of using InSAR techniques for ground defor-
mation measurements. For this study, images from Radarsat-2 U6D, U25D and
U70D beam modes were used. The wide area deformation maps (DInSAR), CTM
time series deformation maps and CRInSAR time series deformation maps were
produced for the region of interest (ROI). The three-dimensional (3D) deformation
vectors were calculated by using the U6D, U25A and U70D beam mode line-of-
sight measurements. This study clearly shows that no individual technique can
fully cover the ROI and best suitable option is to use all the techniques as a com-
bination. Also, it has been noticed that most of the CTM points disappear due

to the winter snow, and wide area deformation maps are only possible in summer
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seasons. The study shows that accuracy of the North-South deformation measure-

ments are poor due to the current orbit configurations of the SAR satellites.

7.2 Region Of Interest (ROI)

Waste rock area

lfothaII Hangingwall

FIGURE 7.1: Kiruna city and the surroundings in summer (image source

LKAB). ROI is marked in the yellow box. White line shows the Environmental

criterion limit in 2014 (LKAB data was used for the plot). Used satellite track

directions were marked in cyan line (U25A), red line (U6D), and magenta line
(U70D).

The ROI (Figure 7.1) is located in northern Sweden (67°51° N, 20°14’ E) around
Kiruna city and the Kiruna underground iron ore mine, which is owned by the
Luossavaara Kiirunavaara Aktiebolag (LKAB) mining company. The mine is ap-
proximately 1 km (to the west side) from the Kiruna city. The ROI comprise with
barren and flat waste rock areas, forest areas and Kiruna city area. Due to the
underground mining the hangingwall wall side is experiencing ground deformation.
The ROI is marked in the yellow box in the Figure 7.1.
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7.3 Data

For this study, Radarsat-2 U25A (ascending), U6D (descending) and U70D (de-
scending) beam modes were used. The characteristics of the selected beam modes
were presented in the table D.1. For this study 33 images from U25A beam mode,
34 images from U6D beam mode, and 34 images from U70D beam modes were
used. The Table D.2, D.3 and D.4 present the details of the used images. Image
details are presented in the Appendix D.

7.4 Methodology

The Interferogram processing was carried out by using the EVINSAR processing
software. The software contains separate processing chains for DInSAR, CTM,

CRInSAR processing and three-dimensional (3D) deformation map generation.

7.4.1 DInSAR interferogram generation

EVInSAR DInSAR processing chain was used for the DInSAR Interferogram gen-
eration. As the first step, an image stack was prepared for each beam mode. U25A
image stack was prepared using 33 images. U6D image stack was prepared using
34 images, and U70D image stack was prepared using 34 images. The 2010-03-24
image was selected as the master image (this was the first image acquired after
CR installation) for the U6D beam mode, the 2010-03-18 image was selected as
the master image (this was the first image acquired after CR installation) for the
U25A beam mode, and the 2011-05-19 image was selected as the master image
(this was the first image taken from the U70D beam mode) for the U70D beam
mode. As the next step, images from each beam mode and an external DEM were
co-registered to their respective master image. MDA provided the external DEM,
and they have reported that the DEM was created by merging a Radarsat-2 DEM
with an ASTER DEM As the second step, three different image sub stacks were
prepared for each beam mode (1) by keeping the original image stack (1 x 1 multi
look), (2) by 4 x 4 multi looking for U6D and U25A and 4 x 2 multi looking for
U70D beam mode and (3) by 10 x 10 multi looking. The original image stack was

used for corner reflector InSAR processing, 4 x 4 and 4 x 2 multi look stacks were
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used for the CTM InSAR processing and 10 x 10 multi look stacks were used for
the wide area deformation maps. The main reason for this multi looking step is to
reduce the spatial noise as well as the image size. Since the pixels are more rectan-
gular shape in U70D beam mode (due to the steep incident angle) the 4 x 2 multi
looking was used. As the next step 528 raw interferograms (for all possible image
pair combinations) were produced for each sub stack for the U25A beam mode
images, 561 raw interferograms (for all possible image pair combinations) were
produced for each sub stack for the U6D beam mode, and 561 raw interferograms
(for all possible image pair combinations) were produced for each sub stack for
the UT0D beam mode. The topographic and flat earth phases were subsequently
removed from the raw interferograms by using an external DEM and Radarsat-2
orbit information. Then the average spatial coherence is calculated for each in-
terferogram. The baseline errors were then optimized and corrected. The spatial
coherence of the interferogram was used as an input parameter for the baseline
optimization. The baseline optimization errors were identified when the average
spatial coherence of the interferogram is less than 0.3. As the next step the 1 x
1, 4 x 2 and 4 x 4 interferograms were used to create a subset of interferograms
by only selecting the ROI in the interferogram. This step is performed to reduce
the size of the interferogram stack. A low-pass atmospheric phase screen (APS)
was generated for each interferogram, with the deformation area masked out to
prevent any loss of signal. The 10 x 10 multi look interferograms were used to
generate the atmospheric phase screens (APS). APS was applied, and atmospheric
phase noise was removed whenever the interferograms average spatial coherence
was high enough to generate a valid APS. The next step was to use these inter-
ferograms to produce the DInSAR wide area deformation maps, CTM time series

maps, and CRInSAR time series maps.

7.4.2 DInSAR wide area deformation maps

The 10 x 10 multi look image sub stack interferograms were used to produce the
DInSAR wide area deformation maps. The interferograms that have higher spatial
coherence (higher than 0.6 in the waste rock areas) were selected. The 0.6 coher-
ence threshold is selected by trial and error method. The interferograms that have
spatial coherence lower than 0.6 (in the waste rock areas) were showing higher un-
wrapping errors. Then the reference phase was calculated for each interferogram

by using the stable areas in the ROI and the reference phase was removed. As
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the next step, the low coherence areas in the interferograms were masked, and
phase unwrapping was performed. The deformation maps were created by con-
verting line-of-sight deformation to vertical and horizontal deformations. Finally,
the deformation maps were geocoded to the SWEREF99 20 15 projection.

7.4.3 CTM time series maps

EVInSAR CTM processing chain was used for the CTM processing. For CTM pro-
cessing U6D 4 x 4 multi look subset interferograms, U25A 4 x 4 multi look subset
interferograms and U70D 4 x 2 multi look subset interferograms were used. As
the first step, all the low spatial coherence interferograms were removed to exclude
the interferograms with baseline optimization errors or faulty APS errors from the
interferogram stack. Here used spatial coherence threshold was 0.3. The second
step was to identify the CTM targets from the interferogram stack and extracts
the CTM phase (line-of-sight). The targets that have higher coherence thresholds
are identified as the coherent targets. Here coherence threshold of 0.8 was used.
It was observed that, when the coherence threshold is higher than 0.8 the phase
values of nearby CTM targets are spatially homogeneous but if the threshold is less
than 0.7 then the phase values of nearby CTM targets are spatially heterogeneous
which will lead to unwrapping errors. The next step was to decide the minimum
required number of CTM targets for the ROI. For this study, I have decided the
minimum required number of CTM targets as 5000 for the ROI. The next step
was to process the interferogram stack and to check whether the minimum num-
ber of CTM targets can be achieved. If not, interferogram with the lowest spatial
coherence was removed from the image stack and recheck the number of CTM
targets, and this step was repeated until the number of CTM targets exceed 5000
for the ROI. The fourth step was spatially unwrapping the CTM phase. Then the
reference phase was calculated from the stable CTM targets, and average reference
phase was removed from the rest of the measurements. A network inversion (a
maximum likelihood estimator of all (a maximum likelihood estimator of all pos-
sible measurements [101, 102] was used to provide the most robust measurement
of the line-of-sight (LOS) change at each CTM targets. Finally, the deformation
maps were geocoded to the SWEREF99 20 15 projection.
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7.4.4 CRInSAR time series maps

EVInSAR CRInSAR processing chain was used for the CRInSAR processing. For
CRInSAR processing U6D, U25A, U70D 1 x 1 multi look subset interferograms
were used. As the first step, all the low spatial coherence interferograms were
removed to exclude the interferograms with baseline optimization errors or faulty
APS errors from the interferogram stack. Here, used average spatial coherence
threshold was 0.3. The second step was to extract the CRInSAR phase (line-of-
sight) from the interferogram stack. The third step was to unwrap the CRInSAR
phase spatially. The phase unwrapping errors were corrected by using an adaptive
deformation model based on sequential deformation. Then the reference phase
was calculated from the stable corner reflectors and removed the average refer-
ence phase from the rest of the measurements. A network inversion (a maximum
likelihood estimator of all (a maximum likelihood estimator of all possible mea-
surements [101, 102] was used to provide the most robust measurement of the
line-of-sight (LOS) change at each reflector. Finally, CRInNSAR time series maps
were geocoded to the SWEREF99 20 15 projection.

7.4.5 Three-dimensional (3D) time series map generation

EVInSAR three-dimensional vector separation processing chain was used for three-
dimensional time series map generation. To generate 3D deformation maps for
corner reflectors, the CRInSAR line-of-sight measurements from U6D, U25A and
U70D were used. First the U6D beam mode was selected as the master beam
mode. The U25A and U70D line-of-sight time series measurements were tempo-
rally interpolated to coincide with the U6D measurement dates. Then the 3D vec-
tors (North-South, East-West and Vertical deformation vectors) were calculated
for each corner reflector by using the beam incident and aspect angles. Finally,
CRInSAR North-South, East-West and Vertical deformation maps were geocoded
to the SWEREF99 20 15 projection.

To generate 3D deformation maps for CTM targets, the CTM line-of-sight mea-
surements from U6D, U25A and U70D were used. First the U6D beam mode was
selected as the master beam mode. The U25A and U70D CTM time series mea-
surements were temporally interpolated to coincide with the U6D measurement

dates. As the next step, the CTM line-of-sight measurements were geocoded to the
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SWEREF99 20 15 projection. Then the CTM line-of-sight time series measure-
ments were interpolated to a spatial grid. The distance between two consecutive
grid points was selected as 50 m. Since most of the GPS points has a 50-100 m
distance between each other, the 50 m grid spacing was used. Finally, the 3D vec-
tors (North-South, East-West and Vertical deformation vectors) were calculated

for each grid point by using the beam incident and aspect angles.

7.4.6 Small Baseline Subset network

Figure 7.2, 7.3 and 7.4 shows the image pairs used in the Small baseline subset
network. The spatial (perpendicular baseline) and temporal baseline thresholds
for image pair selection are 400 m and 180 days respectively. However, some image
pairs were manually selected to omit low-coherence interferograms and to achieve

well-connected network for each track.
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FIGURE 7.2: The network of the individual Small baseline subset (SBAS) in-
terferograms for the U6D track. The red circles represent the images, and the
blue lines show the image pairs of the generated interferograms.
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FIGURE 7.3: The network of the individual Small baseline subset (SBAS) in-
terferograms for the U25A track. The red circles represent the images, and the
blue lines show the image pairs of the generated interferograms.
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FIGURE 7.4: The network of the individual Small baseline subset (SBAS) in-
terferograms for the U70D track. The red circles represent the images, and the
blue lines show the image pairs of the generated interferograms.

7.5 Results

Figure 7.5 shows the summer-to-summer DInSAR interferogram generated from
U6D, U25A and U70D beam modes for the Kiruna region. Figure 7.6 is the CTM
map generated for the Kiruna region from 2010 March to 2012 May. Figure 7.7
is the CRInSAR map generated for the Kiruna region from 2010 March to 2012
May.
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7.5.1 DInSAR interferograms

Limit of the industrial area

!

FIGURE 7.5: DInSAR summer-to-summer (2010-06-28 to 2010-08-15) interfer-

ogram from U6D beam mode for the ROI. White line shows the 2014 Environ-

mental criterion limit (LKAB data was used for the plot). Thin blackline shows
the line of the LKAB industrial area. Image scale is in kilometers.
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7.5.2 CTM time series maps
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FIGURE 7.6: U6D line-of-sight CTM time series deformation measurements for

Kiruna city and mine surrounding area from 2010 March to 2012 May. Ground

movements towards to the satellite are positive, and ground movements away
from the satellite are negative.
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7.5.3 CRInSAR time series measurements
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F1GURE 7.7: U6D line-of-sight CRInSAR deformation measurements for Kiruna

CR network from 2010 March to 2012 May. Ground movements towards to

the satellite are negative, and ground movements away from the satellite are
positive.



Chapter 7. InSAR measurements around Kiruna iron ore mine 126

30 I ; l e \/ T |
; NS
0= = uéD ]
0 T O O 0 p— 9
60 H u70DY
T i :
S 50 : :
c ‘ :
2 ‘
= :
g 40 :
= ;
£ 30 :
fa :
20 : g
H il
1B [ =
g : e i
Ll ] T o
10 ; I
A=
L et e e s S
R e e e v :
T~~~ O NN ONOHODNOCONONOQODNM~NOMNN T~ N0 MOOD
AT QU IRAUT QO AN v QAN T T QNANT QR OO
T NOOMRONDOO N - ONOFTDWNOMNRODNO O~ N — — N <
PTG IR IR RIRRRRRIITIIRIRIY
OO0 T T T T T T T T T T TT T NANNONNN
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
o Y woe B e Y e o i o O o e o I s Y e I e o O e o o R e o e I o Y oo o D e B Y o
(o I oV BN oV oV AN oV B aN I oV I oV AN oV N oV B oV i oU N oV I oV BN oV i oV Bl o BN oV i VI oVl oVl oU I oV I oV BN oV [ oV I oV B oV I o\ B oV oV oN i o |

F1GURE 7.8: CRInSAR Time series from U6D, U25A, U70D beam modes and
East-West, North-South and Vertical deformation components for CR3.

7.6 Discussion

In this study, DInSAR, CTM and CRInSAR techniques were used to measure the
deformation around Kiruna iron ore mine and Kiruna city area. Each technique

is successful in different areas in the ROI.

The waste rock areas have high spatial coherence, and therefore the DInSAR
interferograms can be used to measure the ground movements in those areas. But
DInSAR cannot be used in low spatial coherence areas such as city or areas with
vegetation cover. The CTM technique shows a large number of C'TM targets in the
city area and few CTM targets in the waste rock area but there are no CTM targets
in the areas of outside the city and waste rock. Corner reflectors are only available
between city and waste rock and therefore the corner reflector measurements are
limited to that part. Therefore neither technique can adequately cover the entire

ROI. Therefore, it is necessary to use measurements of all these techniques to cover
the entire ROI.
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7.6.1 Seasonal effects in CTM measurements

The seasonal effects in the CTM targets are two-fold. The first is losing coherence
due to the snow deposition on the targets. The second is losing spatial coherence in
the interferogram due to the ground snow layer. Having a good spatial coherence
is essential for a good APS. Also, spatial coherence is an input parameter to the
baseline optimization step. Therefore, poor spatial coherence in the interferogram
will add additional noise to the CTM measurements. If the winter interferograms
used for CTM processing, then it is observed that the number of CTM targets
for Kiruna city area dropping to less than 1000 targets. Because of this, the
spatial density of the targets in the ROI is decreased. However, without the
winter interferograms there are more than 8000 high coherence (0.8 or above)
CTM targets. Therefore, the winter interferograms were removed from the CTM
stack to achieve high spatial density of targets for the ROI. If the CTM coherence
threshold was decreased slightly (0.6) then it is possible to increase the number of
CTM targets (around 3000 CTM targets) in the ROI. However, it is observed that
there are more phase unwrapping errors in the measurements. To achieve high
CTM target density and also to minimize phase unwrapping errors, the winter

interferograms were left out from the CTM processing.

7.6.2 DInSAR measurements around Kiruna iron ore mine

Waste rock area shows poor spatial coherence during the winter. The main rea-
son for the low spatial coherence is the ground snow layer. However, during the
summer the waste rock area shows high spatial coherence. Moreover, the annual
deformation rate at the waste rock area varies from centimeter range to meter
range. The highest deformation appears closer to the mining area. In the city
area, there are some parts that exhibit high spatial coherence during the sum-
mer. However, the interferograms are too noisy to determine the deformation
rate. During the winter, the city area exhibits poor spatial coherence. Therefore,
the DInSAR measurements can only be used for summer interferograms and only
for the waste rock area. Figure 7.5 shows the summer DInSAR interferogram

generated from U6D beam mode for the Kiruna region.
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7.6.3 Kiruna CTM time series measurements

Figure 7.6 shows the line-of-sight CTM time series measurements from U6D beam
mode for the test site from from 2010 March to 2012 May. All CTM time series
measurement shows consistent deformation information for the Kiruna city area.
Edge of the city (area A) shows the highest deformation rate in the CTM targets.
The area C' shows considerable ground movement in the footwall side. However,
this ground movement was not captured by the LKAB GPS surveys. It is found
that (information received from the MDA), the ground movements in the area C
is a result due to a height error in the DEM. In InSAR processing, its requires
removing the phase contribution from the topography from the interferograms.
The DEM and information about the imaging geometry are used to approximate
the topographic phase. The topographic phase is proportional to the perpendicu-
lar baseline of the interferogram. If we use a DEM with a height error, then our
approximation of the topographic phase is not correct, and it leads to baseline-
dependent phase residuals in the interferogram. In SBAS method, interferometric
phases is used to estimate the DEM error and remove it from interferograms.
However, from the results, it is visible that using only SBAS will not necessar-
ily minimize the effect of DEM error. The area D also shows ground movement.
However, the ground movements in the area D is due to the local industrial ac-
tivities (movement of the waste rocks). Same deformation pattern is visible in the
East-West CTM deformation vector, and East-West CTM deformation vector can
be used to determine the LKAB Environmental criterion limit. However, because
of the current satellite geometry, it is not possible to achieve three orthogonal line-
of-sight measurements and therefore the North-South deformation vector is very
noisy (about 10 cm standard deviation). Therefore, the North-South deforma-
tion vector cannot be used to determine the LKAB Environmental criterion limit.
Moreover, the vertical CTM deformation vector is also somewhat noisy (about 1
cm standard deviation), but can be used to determine the LKAB Environmental

criterion limit. The area B show that there are no CTM targets in that area.

7.6.4 Kiruna CRInSAR time series measurements

Figure 7.7 shows the line-of-sight CRInSAR time series measurements from U6D

beam mode. All beam modes show consistent deformation patterns for the ROI.
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The corner reflectors which installed closer to the mine exhibit the highest de-
formation rates (e.g., CR3), and the deformation rates decrease when they move
away from the mine. Because of the current satellite geometry it is not possi-
ble to achieve three orthogonal line-of-sight measurements from any beam mode
combination. Therefore, the North-South CRInSAR, deformation vector is very
noisy (Figure 7.8), and it cannot be used to determine the LKAB Environmental
criterion limit. East-West vector is the least noisy deformation vector and suitable
for determining the LKAB Environmental criterion limit. Although the vertical
CRInSAR vector is also somewhat noisy, but it can be used to determine the

LKAB Environmental criterion limit.

7.7 Conclusion

The InSAR deformation measurements around Kiruna iron ore mine show that
neither single technique (DInSAR, CTM or CRInSAR) alone can fully cover the
entire test site. The best suitable option is to use all the techniques as a combina-
tion. It has been noticed that most of the CTM points disappear due to the winter
snow. The wide area deformation maps are only possible in summer seasons. The
accuracy of the North-South deformation measurements are poor due to the cur-
rent orbital configurations of the SAR satellites. The study shows that without
the winter images still it is possible to achieve accurate CTM and CRInSAR time
series estimations. Therefore, by omitting the winter images, the required number
of images can be reduced by 50%. Moreover, the required number of images can be
reduced further 30% by only using two beam modes instead of using three beam
modes and still achieve the same accuracy levels in the CTM and CRInSAR time

series measurements.






Chapter 8

Discussion

At the beginning of this study, it is known that the long winter season (with snow)
will be the biggest challenge for the InNSAR measurements. However, there were
no prior InSAR monitoring studies for Kiruna region to understand the seasonal
effects in the InSAR measurements. The general understanding was that the
DInSAR measurements are vulnerable to seasonal effects, but CRInSAR and CTM
measurements will be insusceptible to winter snow conditions. This research study
shows that not only DInSAR but also CTM and CRInSAR techniques were affected

by the winter snow conditions.

From this research, LKAB was expecting to get answers to the following questions:

1. What are the limitation of Kiruna InSAR measurements?

2. How to further improve Kiruna InSAR measurements (especially the winter

InSAR measurements)?

3. Can InSAR use as an operational technique for Kiruna subsidence measure-

ments?

The first step of this Ph.D. study was to quantify the seasonal effects in the
InSAR measurements, which will provide answers to the above question 1 and 3.
The second step was to identify techniques to improve the high latitude InSAR

measurements, which will give answers to the above question 2.

131
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8.1 Limitation of Kiruna InSAR measurements

This study shows that, neither single InNSAR technique (DInSAR, CTM and CRIn-
SAR) can cover entire ROI. DInSAR technique is only suitable for the waste rock
areas, and CTM technique can cover only the Kiruna city area. Most part of the
ROI is covered with forest area, and installation of a greater number of corner
reflectors are needed to cover those areas. Therefore, requirement of large corner

reflector network is one of the limitations in Kiruna InSAR measurements.

Since neither individual InSAR technique can cover entire ROI, Most suitable
option is to use DInSAR, CTM and CRInSAR techniques as a combination to
cover the entire ROI. However, since each InSAR technique (DInSAR, CTM and
CRInSAR) has different measurement accuracy levels, each area in the ROI will
have different measurement accuracies, and this is another limitation of Kiruna

InSAR measurements.

The Kiruna mine surrounding area is exhibiting three-dimensional ground move-
ments. Also, the “LKAB Environmental criterion limit” is defined as maximum
allowed strain limit between two points on the ground. Since most of the ground
movements are in East-West and vertical directions, at least, LKAB requires ac-
curate deformation measurements in East-West and Vertical directions. However,
InSAR provides line-of-sight deformation measurements. In this study, three dif-
ferent beam modes were used to separate the three-dimensional ground movement
vectors. Because of the current satellite orbital parameters it is not possible to
achieve accurate InNSAR North-South ground movement vector, and this is another

limitation of the Kiruna InSAR monitoring.

This research study shows that all used InSAR techniques (DInSAR, CTM and
CRInSAR) were affected by the winter snow conditions, and this is another limi-

tation of Kiruna InSAR measurements.

8.2 Improving Kiruna InSAR measurements

As the first step of this research study, the seasonal effects in InNSAR measurements
were quantified to identify the areas for improvements. The Chapter 2, 3 and 7
show how the DInSAR, CRInSAR and CTM measurements are affected by the



Chapter 8. Discussion 133

seasonal effects. The improvements of winter INSAR measurements were carried
out by optimizing the InSAR processing scheme. This research study shows that by
optimizing the InSAR processing scheme, manual inspection and quality control
of each InSAR processing steps can minimize the errors and can improve both
summer and winter InSAR measurements. Each Chapter presents the detailed

description of the used methodologies.

Apart from optimizing the InSAR processing scheme, the Root Mean Square
(RMS) error fitting technique was used to optimize DInSAR measurements. Since
the Kiruna mining area has spatial deformation pattern, it was able to optimize

the DInSAR measurement accuracies up to sub-centimeter levels.

Improving North-South InSAR measurements were a major challenge. One of
the major contributions of this study is introducing a novel technique to measure
North-South InSAR measurements. This technique is suitable for both high lat-
itude and low latitude deformation measurements. The proposed technique will
be most valuable for areas where Ground-based radar or manual surveying is not

possible.

8.3 InSAR use as an operational technique for

Kiruna subsidence measurements

To use InSAR as an operational technique for Kiruna subsidence measurement,

the following conditions should be met.

1. InSAR measurements should provide required accuracy levels to measure the

Environmental criterion limit.

2. InSAR measurements should be able to cover the entire ROI.

This study shows that only the CRINSAR and CTM line-of-sight, East-West and
vertical measurements can provide the required measurement accuracies to mea-
sure the “ Environmental criterion limit”. To comply with the current “Environ-
mental criterion limit”, both vertical and horizontal deformation vectors need to
be calculated. However, after the vector separation, the North-South measure-

ment vector exhibits large noise levels. Since most of the ground movements are
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in East-West and vertical directions, the East-West and, Vertical vectors are suf-
ficient to calculate the ground strains. Also, in some corner reflectors, even the
InSAR vertical vector has large noise levels. Only the East-west vector exhibits low
noise levels in all measurements. Since the ground deformation around the mine
is dominant by the East-West ground movements, current InSAR measurements
can use to measure the LKAB current Environmental criterion limit. However,
to use InSAR line-of-sight measurements to assess the “Environmental criterion
limit”, it is required to apply appropriate correction factors to compensate the
line-of-sight angle. The CTM technique provides adequate coverage (more than
5000 CTM points) for the Kiruna city area. However, the most of the current En-
vironmental criterion limit lies between the waste rock area and the Kiruna city,
and this area is covered only from 36 corner reflector points. Therefore, the least
measurement density is available for the area where the current Environmental
criterion limit lies. Moreover, part of the Environmental criterion limit lies on the
waste rock area. However, at present, there are few CTM points (from U25A, and
U70D track) cover that area, and there are no any corner reflector installations.
Therefore, it is important to increase the number of installed corner reflectors in

the area between Kiruna city and Kiruna iron ore mine.

8.4 High latitude InSAR processing challenges

Since LKAB already owned the software license, EVInNSAR software was used for
the InSAR processing. EVINnSAR only has a CTM module and does not contain
a PSInSAR module. Therefore, all the time series analysis were carried out using
the CTM technique. EVInSAR software is a propitiatory software and therefore
there were no accessible details about the software code or used algorithms. One
of the limitations of this research study is the use of a propitiatory software. As
an example, Graph 7.8 shows a shift in the InNSAR North-South vector compo-
nent. This behavior can be an adverse effect from the software code. However,
since there is no accessible information about the software code or algorithms, it
is difficult to rule out the negative contribution from the software code. In the
EVInSAR software, baseline optimization and APS generation are two steps that
use spatial coherence of the interferograms as an input parameters. In this study,
it is observed that even a thin ground snow layer will effect to the spatial coher-

ence of the interferograms. Therefore, baseline optimization and APS generation
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steps will not work as expected. Having fault baseline values and fault APS will
add more noise to the measurements than removing the noise, and this is one
of the limitations of the current InSAR processing chain. Therefore during the
InSAR processing, low coherence interferograms were removed from the interfer-
ogram stack before any baseline optimization or APS generation. The optimum
coherence threshold was selected after performing manual inspection of the inter-
ferograms. The optimum coherence threshold was decided to keep all the possible
interferograms for further processing. Manual inspection of the interferograms will
not require for low latitude InSAR processing. For this study, Radarsat-2 definitive
orbital information was used and the selected ROI also a small area (approximately
8 x 8 km? area). Therefore, the error from the fault baseline is expected to be
minimum. However, manual inspections were carried out to check the success of
the baseline optimization step and if the optimization was failed, then only the
available Radarsat-2 definitive orbital information were used. APS was generated
by using a two-dimensional low-pass filter. However, when the spatial coherence of
an interferogram is low, then the low-pass filter sometimes failed to capture the at-
mospheric effects. Therefore, manual quality control was performed, and any APS
that has turbulent patterns was removed (it is highly unlikely to have turbulent
atmospheric effects for the ROI). If the APS is faulty, then the interferogram was
used without applying the APS. Extensive manual inspection and quality control
measures will improve the InSAR measurement accuracies. However, a consider-
able amount of time is required for these manual inspection and quality control

steps, and this is another limitation of current InSAR processing chain.

8.5 Required minimum number of satellite im-

ages for Kiruna InSAR measurements

In this study, it is found that the usefulness of the winter satellite images is very
limited. Even the CRInSAR measurements are affected from winter snow condi-
tions. By introducing winter interferograms to the CRInSAR and CTM processing
the uncertainty of the measurement increases than decreasing. Therefore, the rec-
ommendation is to use only the summer (snow free) satellite images for the InNSAR
processing for the Kiruna region. Instead of using both summer and winter im-
ages (15 images from each beam mode per year), same measurement quality can

be achieved by only using the summer (snow free) images ( 7-8 images per year).
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Only using the summer images means 50% fewer images and possible saving image
costs. However, by using only summer images means losing any available data in
the winter images. Therefore it is recommended to use only the summer images if

there is a requirement for image cost saving.

Apart for the Radarsat-2 satellite, TerraSAR-X, COSMO-SkyMed and Sentinel-1

satellites are also suitable for the ground deformation measurements at Kiruna.

The TerraSAR-X satellite is X-band (center frequency is 9.6 GHz) SAR satellite.
The satellite has three beam modes, and the “spotlight” is the recommended mode
for the LKAB ground deformation measurements. Spotlight mode has a 10 km x 5
km Swath and 1 m resolution.The satellite has a repeat cycle of 11 days. Therefore
by using TerraSAR-X, LKAB can collect more images (about 15 images) in the

summer (snow free period) compared to Radarsat-2.

COSMO-SkyMed is made up of four satellites called COSMO 1 - 4. These satel-
lites are in a constellation, and each satellite has an X-band (center frequency is
9.6 GHz) SAR sensor. The satellite has three beam modes, and “spotlight-2” is
the recommended beam mode for the LKAB ground deformation measurements.
The spotlight-2 mode has a 10 km x 10 km Swath and 1 m resolution. The re-
peat cycle of a satellite is 16 days and using all four satellites LKAB can collect
satellite images in every four days. Therefore by using COSMO-SkyMed satellite
constellation, LKAB can collect more (about 40 images) images in the summer

(snow free period) compared to Radarsat-2.

The sentinel-1 satellite has a C-band SAR sensor operating at a center frequency
of 5.405 GHz. The satellite has four beam modes and “Interferometric Wide
Swath (IW)” is the recommended mode for the LKAB ground deformation mea-
surements. Interferometric Wide Swath (IW) mode has a 240 km swath, 5 m x
20 m resolution. The repeat cycle of a satellite is 12 days. Although the image
resolution is lower than the Rardarsat-2, LKAB can use this satellite to collect

more frequent measurements during the summer.
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8.6 Required minimum number of beam modes

for Kiruna InSAR measurements

All DInSAR, CTM and CRInSAR measurements from all tracks shows consistent
deformation patterns for the ROI. The main reason is to use three different beam
modes is to measure the three-dimensional deformation. This study shows that
due to the current satellite geometry, accuracy of the InNSAR North-South vector
component is very poor. Therefore, the recommendation is to use either a single
beam mode or two different beam modes instead of three different beam modes.
By only using two different beam modes, it is possible to separate the horizontal
and vertical deformation vectors. The U70D and U25A beam modes will be the
most suitable (from the current beam modes) for two-dimensional vector analysis.
U70D has a steep beam incident angle, and the measurements will be biased
(than U6D) to the vertical ground deformation. U25A has the highest incident
angle and therefore U25A measurements will be biased (than U6D) towards to the
horizontal ground measurements. By using two different beams modes instead of
the three separate beam modes, the required number of satellite images for the

data processing can be reduced by 33%.

8.7 CTM targets and new Corner reflector in-

stallations at Kiruna

At present, Kiruna city area has good CTM targets but the area between the mine
and the city only have few CTM targets. Therefore, it is not possible to measure
that area using the CTM technique. In coming years, it is expected that mining
induced ground deformation will move towards to the Kiruna city area. All the
infrastructure etc. has already been removed before the criterion is reached in
the area. The corner reflectors can be used to replace the losing CTM targets
but, it is challenging to install a large number of corner reflectors in a small area.
Also to have continuous measurements for that area it is important to have CTM
and CRInSAR overlapping measurements. Therefore, the recommendation is to
perform a comprehensive CR network design and install the corner reflectors at

least one year before removing the buildings. Having corner reflectors installed
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one year before removing the buildings enables to collect 10-15 CRInSAR mea-

surements alongside with the CTM measurements.



Chapter 9

Conclusion

9.1 Seasonal effects in DInSAR measurements

The parameter spatial coherence was used to quantify the seasonal variation in
DInSAR interferograms. Even with a longer temporal baseline, the summer-to-
summer interferograms for the barren and flat waste rock areas provide almost the
same coherence. Therefore, the summer-to-summer interferograms are the most
suitable for subsidence measurements in the waste rock area. Forest areas lose
coherence with an increase in the temporal baseline and do not regain it seasonally.
Urban areas show similar seasonal variation as that of barren and flat waste rock
areas but with a lower magnitude of coherence. If the ground snow layer remains
unchanged during two consecutive images, then high coherence can be achieved
even with a ground snow layer. In spring, the coherence becomes very poor due to
the melting snow and surface water, and in the autumn, the coherence is reduced
due to leaf fall, shedding of the tree leaves due to wind, surface water from rain,
and due to the first snow fall. Additionally this study showed that the winter
Radarsat-2 U6D beam mode images are not suitable for DInSAR deformation
measurements in flat waste rock areas in Kiruna and therefore, less than 50% of

available Radarsat-2 U6D are suitable for Kiruna DInSAR measurements.
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9.2 Seasonal effects in CRINSAR measurements

The corner reflectors provided by the MDA were covered with a protective shield
to prevent the snow accumulation. However, it is observed that up to 8 cm snow
layer can be accumulated on top of these shields during winter. The GPS vector
component parallel to the corner reflector line-of-sight was compared with the
CRInSAR line-of-sight measurements to quantify the seasonal variation in the
CRInSAR measurements. The results show that by using SBAS technique and
only using interferograms with a higher average spatial coherence (higher than
0.25) yielded the closest agreement with Static-GPS measurements, showing a
1.1 mm mean error, 10.7 mm standard deviation, and correlation coefficient of
0.88. However if the winter interferograms were added to the image stack then
the mean error will climb up to 17.9 mm, standard deviations climb up to 30.9
mm, and correlation coefficient drops down to 0.58. The ground snow layer and
the snow layer on top of the corner reflector shield are the main contributors to
the CRInSAR measurement errors. However, these measurements errors can be
minimized by using only those interferograms with higher average spatial coherence
values and the SBAS techniques. However by doing so there is a possibility of
losing entire sets of interferograms related to a particular image (a winter image)
and this loss will in turn lead to the loss of measurements for that particular
date. Although the overall measurement error due to snow was quantified, it was
unable to differentiate the error contribution from the ground snow layer and the
snow layer on top of the corner reflector shield. Since the ROI is a small area
(approximately 8 x 8 km), the error contribution due to fault baseline and fault
APS (due to ground snow layer) is minimum compared to the error contribution

from the snow layer on top of the corner reflector shield.

9.3 Seasonal effects in CTM measurements

The seasonal effects in the CTM targets are two-fold. The first is losing coherence
due to the snow deposition on top of the targets. The second is losing spatial
coherence in the interferogram due to the ground snow layer. If the winter inter-
ferograms used for CTM processing, the number of CTM targets (coherence 0.8 or
above) drops down from more than 8000 targets to less than 1000. The number of
CTM targets can be increased from 1000 to 3000 by dropping down the coherence
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threshold from 0.8 to 0.6. However, with 0.6 coherent threshold, it is observed
that there are more phase unwrapping errors in the measurements. Therefore, to
achieve high CTM target density in the ROI and to minimize phase unwrapping
errors, the winter interferograms should be left out from the CTM processing.
Removing winter interferograms from the image stack means there are no mea-
surements for the winter period. Therefore this is the main disadvantage, and

interpolation techniques can be used to mitigate this issue.

9.4 Improving DInSAR measurements

DInSAR deformation measurements can be improved by using the spatial defor-
mation patterns in the ROIL. For this study, a linear model signal was constructed
by using known spatial deformation parameters between two points in the ROI.
The actual deformation measurements were obtained from a summer-to-summer
DInSAR interferogram. RMS error and/or Correlation coefficient was used to find
the best-fit parameters for the model signal. CTM time series measurements were
used to validate the results. Simulation and validation shows that the spatial de-
formation patterns in the ROI can be used to improve the DInSAR deformation
measurements up to sub-centimeter accuracies. Major limitation of this tech-
nique is the requirement of prior information about the deformation to construct
the model signal. Further studies are required to validate non-linear deformation

models.

9.5 Improving North-South InSAR measurements

A novel method to improve the InNSAR North-South measurements was investi-
gated. This proposed method can deliver InSAR line-of-sight accuracies for the
North-South measurements. The proposed method requires a minimum of three
transponders (CAT devices) to measure the North-South ground movement be-
tween two points. The response times of the transponders are critical parameters
for this method. The distance between selected ground points, beam incident
angle, satellite image swath width, satellite altitude will determine the required
CAT response times. For a Radarsat-2 U6 fine-beam mode image, the critical re-

sponse time for a CAT device is 1.3338 x 10™*s and the typical or recommended
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response time for a CAT device is 4.3146 x 107%s. The requirement on CAT de-
vices, line-of-sight visibility between CAT devices and layover effects are identified

as limitations.

9.6 InSAR measurements around Kiruna iron

ore mine

The InSAR deformation measurements around Kiruna iron ore mine show that nei-
ther single technique (DInSAR, CTM or CRInSAR) alone can adequately cover
the entire ROI. The best suitable option is to use all the techniques as a combi-
nation. Also, it has been noticed that most of the CTM targets disappear due to
the snow deposition, and wide area deformation maps (DInSAR maps) are only
possible with summer images. Also, it has been noticed that the accuracy of the
North-South deformation measurements is poor due to the current orbital config-
urations of the SAR satellites. Therefore, the North-South CRInSAR deformation
vector is very noisy, and it cannot be used to determine the LKAB environmental
criterion. The East-West vector is the least noisy deformation vector, and both
East-West and vertical vectors can be used to determine the LKAB Environmental

criterion limit.

The study shows that the accuracies of the CTM and CRInSAR time series esti-
mations can be improved by minimizing the number of winter images in the image
stack. Therefore, by omitting the winter images, required number of images for
the InSAR processing can be reduced by 50%. Moreover, the required number
of images can be reduced further 30% by only using two beam modes instead of
using three beam modes and still, achieve the same estimation accuracies in the
CTM and CRInSAR time series measurements.

9.7 Future work

To improve the accuracies of the high latitude InSAR measurements as well as the
quality of LKAB InSAR monitoring program, following areas were identified as
possible future research topics. One of the weaknesses of the LKAB InSAR mon-

itoring program is the poor North-South InSAR measurement accuracy. Since
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LKAB required measuring three-dimensional ground movements, it is important
to continue future work in this topic. One possible approach is that using avail-
able GPS measurements to improve North-South InSAR vector. There are some
previous studies related to this topic [81, 82]. However, future work is needed
to optimize the number of GPS measurements required to improve the InSAR
North-South accuracy and validate the technique for high latitude InSAR mea-
surements. In Chapter 5, the theoretical calculation of the 3CAT method was
presented. Validation of the technique by using field data is also a possible fu-
ture research topic. Integration of 3CAT North-South measurements to improve
the CRInSAR and CTM North-South vectors will be another research topic that
need attention. The results from Chapter 3 shows that snow deposition on the
CR shield will reduce the accuracy of the CRINSAR measurements. Therefore, it
is needed to deploy snow shield that will prevent any snow deposition on top of
them. Designing a snow shield for high latitude conditions will be another topic
that need further research. Results from Chapter 3 shows that summer-to-summer
DInSAR provide coherent measurements for the waste rock areas. However, be-
cause of the frozen ground condition, the top soil layer (less than 2 m from the
top) can have local (not mining induced) movements. Therefore, it is important to
carry out further studies to quantify the ground movements related to the frozen
ground conditions. Chapter 5 show that the DInNSAR measurements can be im-
proved by using a deformation model. The simulations and validation were carried
out for linear spatial deformation model. Further studies are required to validate
non-linear deformation models. If the Radarsat-2 satellite need to be replaced by
different satellite (e.g. Sentinel), then the corner reflector orientation has to be
changed. In that case there will be new line-of-sight measurements from the new
satellite data. Integration of current InNSAR measurement with the new satellite
InSAR measurements is an another topic for further research. Since the current
InSAR measurements cannot deliver the accurate North-South ground movements
measurements, the current Environmental criterion limit cannot use as it is with
InSAR measurements. Therefore, if LKAB planning to use InSAR as an opera-
tional technique for ground deformation monitoring around Kiruna iron ore mine,
then it is important to use InSAR line-of-sight measurements to calculate the
Environmental criterion limit by compensating the line-of-sight angle. Calculat-
ing the Environmental criterion limit using InSAR line-of-sight measurements and

validating it by using current GPS measurements is a topic for further study.
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Appendix A

Coherence images for Kiruna test

site

This annex lists the coherence images produced for the Kiruna test site. LKAB

data was used to plot the Environmental criterion limit.
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(a) Common master interferogram for the Kiruna test  (b) Sequential interferogram for the Kiruna test site.
site.

FIGURE A.1: M is the master image date in YYYYMMDD format. S is the

slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.

Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.
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FIGURE A.2: M is the master image date in YYYYMMDD format. S is the

slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.

Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.
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FIGURE A.3: M is the master image date in YYYYMMDD format. S is the
slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.
Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.
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FIGURE A.4: M is the master image date in YYYYMMDD format. S is the

slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.

Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.
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site.

M 20080614 1 M, 20000116 ¢ s IR
S 20090209 S:,20090209 i ..
0.8 " i 0.8
Kiruna City Kirdna City ]
0.6 0.6
Footwall:= Hangingwall 64 FoQtwaII:: H'a‘rlglngVYal_E_ . 0
0.2 L 0.2
N N
0 0

(¢) Common master interferogram for the Kiruna test ~ (d) Sequential interferogram for the Kiruna test site.
site.

FIGURE A.5: M is the master image date in YYYYMMDD format. S is the

slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.

Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.
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FIGURE A.6: M is the master image date in YYYYMMDD format. S is the

slave image date in YYYYMMDD format.

The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.
Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.
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FIGURE A.7: M is the master image date in YYYYMMDD format. S is the

slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.

Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.
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FIGURE A.8: M is the master image date in YYYYMMDD format. S is the

slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.

Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.
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FIGURE A.9: M is the master image date in YYYYMMDD format. S is the

slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.

Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.
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FIGURE A.10: M is the master image date in YYYYMMDD format. S is

the slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.

Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.
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FiGURE A.11: M is the master image date in YYYYMMDD format. S is

the slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.

Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.
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(d) Sequential interferogram for the Kiruna test site.

FIGURE A.12: M is the master image date in YYYYMMDD format. S is

the slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.

Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.



Appendix A. Coherence images produced for Kiruna test site 169

M 20080614 M 20100324
S 20100417 S 20100417

Kiruna City [ Kiruna City

u
- |
5
"

Footwall Hangingwall Hangingwall
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FIGURE A.13: M is the master image date in YYYYMMDD format. S is

the slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.

Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.
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site.

FIGURE A.14: M is the master image date in YYYYMMDD format. S is

the slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.

Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.
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FIGURE A.15: M is the master image date in YYYYMMDD format. S is

the slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.

Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.
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FIGURE A.16: M is the master image date in YYYYMMDD format. S is

the slave image date in YYYYMMDD format. The red line is the Kiruna city

limits. The magenta color line was the Environmental criterion limit in 2014.

Waste rock area is marked in green color. The cyan-colored dashed line is the
centerline of the open-pit.



Appendix B

Comparison of U6D CRInSAR

and Static-GPS measurements

This annex lists the line-of-sight CRInSAR U6D beam mode time series measure-
ments and Static-GPS Time series measurements produced for the Kiruna test
site. EVInSAR software was used for the InSAR processing. LKAB Static-GPS

measurement data were used in the plots.
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FIGURE B.1: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-02 and GPS-L14
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F1GURE B.2: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-3 and GPS-C8
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FIGURE B.3: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-4 and GPS-M12
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F1GURE B.4: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-5 and GPS-AS8
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FIGURE B.5: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-6 and GPS-L10
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F1GURE B.6: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-7 and GPS-M7
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FIGURE B.7: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-8 and GPS-M8
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FicURE B.8: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-9 and GPS-M1
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FIGURE B.9: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-10 and GPS-H11
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F1cURE B.10: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-11 and GPS-H13
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FIGURE B.11: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-12 and GPS-H16
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F1GURE B.12: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-13 and GPS-H18
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FIGURE B.13: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-14 and GPS-H32
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F1GURE B.14: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-~15 and GPS-S10
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FIGURE B.15: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-16 and GPS-S8



Appendix B. Comparison of U6D CRInSAR and Static-GPS measurements 181

.07 FP rr——rmr—r—r—rrr—TrTrrrr T T T T T T T
O Static-GPS
O cisc
0081 o s
—_ cisa
£ oosp
o ® 1l @
2 oot OBOT e |
c %LHL@“:
g 3% f
£ oo} -
@ 3 $ ®
= 2022®
2 ooz % % %@@@@ 1
(3] + @@@@
2 ou} ®. ¢ é ®
= i im®
;@@w
o-:‘gﬁ Fil
¥
T
L]
oot v e e
OO0 0O 000000000 v+ v v v v ™ v v v v v
IR I3 DAIOPIOROANIORROAR
N T T O AN NTOONT T OMONT T OMOAN«—TON
R R EEEREE R EE R
OO0 000000 v v+ 0O0O0000O00O0O0OO0O0O0o

Measurement Date

F1GURE B.16: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-17 and GPS-S11
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FIGURE B.17: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-18 and GPS-13
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F1cURE B.18: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-19 and GPS-N51
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FIGURE B.19: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-20 and GPS-T25
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F1GURE B.20: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-21 and GPS-T23
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FIGURE B.21: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-22 and GPS-S15
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F1GURE B.22: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-~23 and GPS-529
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FIGURE B.23: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-24 and GPS-D60
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F1GURE B.24: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-~25 and GPS-D50
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FIGURE B.25: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-26 and GPS-D53
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FIGURE B.26: Time series plots of double difference CR-InSAR measurements

and double difference Static-GPS measurements. The CISC, CIS, CISQ and

Static-GPS measurements are marked in black, purple and green circles, as well

as red boxes. The cross point of the blue dotted lines is the starting point (zero)
of the plots CR-27 and GPS-D57



Appendix C

Simulation plots

This annex lists the simulation plots. Matlab (R2012b) was used as the coding
language and Matlab (R2012b) signal processing toolbox was used for the simu-

lations.

C.0.1 RMS error plots for simulated signals

0.9 : ; 4

RMS error
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FiGure C.1: RMS error between simulated ground deformation and model

signal. The simulated ground deformation rate is 5 mm/pixel with 0.75 SNR.

“X” axis is the Predicted (model) deformation rate (mm/pixel) and “Y” axis is

RMS error. Minimum RMS error gives the best-fit model (predicted) deforma-
tion rate.
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FicUure C.2: RMS error between simulated ground deformation and model

signal. The simulated ground deformation rate is 0.2 mm/pixel with 0.5 SNR.

“X” axis is the Predicted (model) deformation rate (mm/pixel) and “Y” axis is

RMS error. Minimum RMS error gives the best-fit model (predicted) deforma-
tion rate.
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FIGURE C.3: RMS error between simulated ground deformation and model

signal. The simulated ground deformation rate is 0.7 mm/pixel with 0.5 SNR.

“X” axis is the Predicted (model) deformation rate (mm/pixel) and “Y” axis is

RMS error. Minimum RMS error gives the best-fit model (predicted) deforma-
tion rate.
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FicURE C.4: RMS error between simulated ground deformation and model

signal. The simulated ground deformation rate is 12 mm/pixel with 0.75 SNR.

“X” axis is the Predicted (model) deformation rate (mm/pixel) and “Y” axis is

RMS error. Minimum RMS error gives the best-fit model (predicted) deforma-
tion rate.
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FIGURE C.5: RMS error between simulated ground deformation and model

signal. The simulated ground deformation rate is 0.68 mm/pixel with 0.5 SNR.

“X” axis is the Predicted (model) deformation rate (mm/pixel) and “Y” axis is

RMS error. Minimum RMS error gives the best-fit model (predicted) deforma-
tion rate.
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FiGURE C.6: RMS error between simulated ground deformation and model

signal. The simulated ground deformation rate is 19 mm/pixel with 0.9 SNR.

“X” axis is the Predicted (model) deformation rate (mm/pixel) and “Y” axis is

RMS error. Minimum RMS error gives the best-fit model (predicted) deforma-
tion rate.
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FIGURE C.7: RMS error between simulated ground deformation and model

signal. The simulated ground deformation rate is 9 mm/pixel with 0.5 SNR. “X”

axis is the Predicted (model) deformation rate (mm/pixel) and “Y” axis is RMS

error. Minimum RMS error gives the best-fit model (predicted) deformation
rate.
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Ficure C.8: RMS error between simulated ground deformation and model

signal. The simulated ground deformation rate is 0.8 mm/pixel with 0.5 SNR.

“X” axis is the Predicted (model) deformation rate (mm/pixel) and “Y” axis is

RMS error. Minimum RMS error gives the best-fit model (predicted) deforma-
tion rate.
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C.0.2 Correlation coefficient plots for simulated signals
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Ficure C.9: Correlation coefficient between simulated ground deformation and

model signal. The simulated ground deformation rate is 14 mm/pixel with 0.5

SNR. “X” axis is the Predicted (model) deformation rate (mm/pixel) and “Y”

axis is Correlation coefficient. Highest Correlation coefficient gives the best-fit
model (predicted) deformation rate.
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FicUrRe C.10: Correlation coefficient between simulated ground deformation

and model signal. The simulated ground deformation rate is 17 mm/pixel with

0.5 SNR. “X” axis is the Predicted (model) deformation rate (mm/pixel) and

“Y” axis is Correlation coefficient. Highest Correlation coefficient gives the
best-fit model (predicted) deformation rate.
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FIGURE C.11: Correlation coefficient between simulated ground deformation

and model signal. The simulated ground deformation rate is 4 mm/pixel with

0.5 SNR. “X” axis is the Predicted (model) deformation rate (mm/pixel) and

“Y” axis is Correlation coefficient. Highest Correlation coefficient gives the
best-fit model (predicted) deformation rate.
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FicUrRe C.12: Correlation coefficient between simulated ground deformation

and model signal. The simulated ground deformation rate is 11 mm/pixel with

0.9 SNR. “X” axis is the Predicted (model) deformation rate (mm/pixel) and

“Y” axis is Correlation coefficient. Highest Correlation coefficient gives the
best-fit model (predicted) deformation rate.
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FIGURE C.13: Correlation coefficient between simulated ground deformation

and model signal. The simulated ground deformation rate is 14 mm/pixel with

0.9 SNR. “X” axis is the Predicted (model) deformation rate (mm/pixel) and

“Y” axis is Correlation coefficient. Highest Correlation coefficient gives the
best-fit model (predicted) deformation rate.
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Ficure C.14: Correlation coefficient between simulated ground deformation

and model signal. The simulated ground deformation rate is 2 mm/pixel with

0.5 SNR. “X” axis is the Predicted (model) deformation rate (mm/pixel) and

“Y” axis is Correlation coefficient. Highest Correlation coefficient gives the
best-fit model (predicted) deformation rate.






Appendix D

Image data

This annex lists the used image data for InSAR processing in Chapter 7. EVInSAR

software was used for the InSAR processing.

TABLE D.1: Beam characteristics of the selected tracks used for this study.

Track Incident Angle Range Nominal Resolution Orbit Direction Heading Angle

(deg) (m) (deg)
U6D 34.0 - 35.3 2.8 Descending 194
U25A 474 - 47.7 2.1 Ascending 352
U70D 19.9 - 21.5 4.5 Descending 198

197
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TABLE D.2: U6D beam mode images

Image Number DATE TIME (UTC)
1 2010-March-24 05:19
2 2010-April-17 05:19
3 2010-May-11 05:19
4 2010-June-04 05:19
5 2010-June-28 05:19
7 2010-August-15 05:19
8 2010-September-08 05:19
9 2010-October-02 05:19
10 2010-October-26 05:19
11 2010-November-19 05:19
12 2010-December-13 05:19
13 2011-January-06 05:19
14 2011-January-30 05:19
15 2011-February-23 05:19
16 2011-March-19 05:19
17 2011-April-12 05:19
18 2011-May-06 05:19
19 2011-May-30 05:19
20 2011-July-23 05:19
21 2011-July-17 05:19
22 2011-August-10 05:19
23 2011-September-03 05:19
24 2011-September-27 05:19
25 2011-October-21 05:19
26 2011-November-14 19:23
27 2011-December-08 05:19
28 2012-January-01 05:19
29 2012-January-25 05:19
30 2012-February-18 05:19
31 2012-March-13 05:19
32 2012-April-06 05:19
33 2012-April-30 05:19
34 2012-May-24 05:19
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TABLE D.3: U25A beam mode images

Image Number DATE TIME (UTC)
1 2010-Mar-18 16:26
2 2010-Apr-11 16:26
3 2010-May-05 16:26
4 2010-May-29 16:26
) 2010-June-22 16:26
6 2010-July-16 16:26
7 2010-August-09 16:26
8 2010-September-02 16:26
9 2010-September-26 16:26
10 2010-October-20 16:26
11 2010-November-13 16:26
12 2010-December-07 16:26
13 2010-December-31 16:26
14 2011-January-24 16:26
15 2011-February-17 16:26
16 2011-March-13 16:26
17 2011-April-06 16:26
18 2011-April-30 16:26
19 2011-May-24 16:27
20 2011-June-17 16:27
21 2011-July-11 16:27
22 2011-August-04 16:27
23 2011-August-28 16:27
24 2011-October-15 16:27
25 2011-November-08 16:27
26 2011-December-02 16:27
27 2011-December-26 16:27
28 2012-January-19 16:27
29 2012-February-12 16:27
30 2012-March-07 16:27
31 2012-March-31 16:27
32 2012-April-24 16:27
33 2012-May-18 16:27
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TABLE D.4: U70D beam mode images

Image Number DATE TIME (UTC)
1 2010-March-13 05:40
2 2010-April-06 05:40
3 2010-April-30 05:40
4 2010-May-24 05:40
5 2010-June-17 05:40
6 2010-July-11 05:40
7 2010-August-04 05:40
8 2010-August-28 05:40
9 2010-September-21 05:40
10 2010-10 October-15 05:40
11 2010-11 November-08 05:40
12 2010-12 December-02 05:40
13 2010-12 December-26 05:40
14 2011-01 January-19 05:40
15 2011-02 February-12 05:40
16 2011-03 March-08 05:40
17 2011-04 April-01 05:40
18 2011-04 April-25 05:40
19 2011-May-19 05:19

20 2011-June-12 05:40
21 2011-July-06 05:40
22 2011-July-30 05:40
23 2011-August-23 05:40
24 2011-September-16 05:40
25 2011-October-10 05:40
26 2011-November-03 05:19
27 2011-November-27 05:19
28 2011-December-21 05:40
29 2012-January-14 05:40
30 2012-February-07 05:40
31 2012-March-26 05:40
32 2012-April-19 05:40
33 2012-May-13 05:40
34 2012-June-06 05:40
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FIGURE D.1: U6D beam heading angle («).
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Horizontal plane

FIGURE D.2: U6D beam incident angle (6).
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