A typical interferometric image configuration can be seen in Figure 1-5, and from this
figure the key physical and geometrical relationships between two SAR observations can
be derived (Hanssen, 2001). From two full-resolution SAR images, an interferogram can
be created to form an array of x (range) and y (azimuthal) phase values, whereby the
interferometric phase for each resolution cell can be written as (Zebker et al., 1994)

4Ar
Ap = 7

(Equation 1-1)

Here, A is the radar wavelength, typically 6 cm for C-band satellites. The path length

difference between acquisitions Ar = r, — r; can then be approximated as,
Ar = Bsin(n — a) (Equation 1-2)

an assumption known as the far-field or parallel ray approximation (Zebker & Goldstein,
1986).

In addition to the phase due to surface deformation Agg.f,, there are many other

contributions to the recorded interferometric signal,

AQD = AgotopO + Agoflat: + A(»odefo + A(patmo + A(pnoise + A(perr (Equation 1_3)

which include effects due to: topography A¢;,,,, Earth curvature Aggqe, atmosphere

AQaimo, NOISE A@,,ise and other errors A, such as orbital errors. In order to
determine surface deformation from the measured interferometric phase, all the above-

mentioned contributions must be removed from the signal.

First, the topographic phase contribution is a function of the perpendicular baseline due to

differing look angles given by (Zebker et al., 1994),

4B, H,

Arysin () Equation 1-4

Agotopo =

16



1.4.4 DInSAR Limitations

DInSAR analysis relies on the correlation between two images that make up the
interferogram. In other words, DINSAR works only under coherent conditions, whereby it
is only possible if the character of the ground surface does not change between
acquisitions (Wright, 2002). Any significant surface change can lead to a random phase
contribution, affecting the phase measurement, known as decorrelation. There are many
sources of decorrelation in the interferometric phase. The observed decorrelation §,,¢ can

be presented as the multiplicative sum of its components,

Sobs = Sgeom6pr0cess6v016therm6dop6temp6atmo (Equation 1'8)

highlighting the major contributions to decorrelation, geometric 84, Processing &y ocess:
volume &, thermal 8¢perm, doppler 844, and temporal 8., Each of these components are
fully described in Zebker and Villasenor (1992) with the major sources summarized

below.

Changes in surface characteristics is the main contribution to decorrelation in the
interferometric phase. Scattering properties of the surface will vary based on the type of
surface coverage, for example vegetation or snow do not retain correlation for long time
periods, whereas rock outcrops or buildings often remain coherent for a long time. This is
particularly an issue in vegetated areas, such as forests, where if a C-band system
(wavelength = ~6 cm) is used, the signal will decorrelate rapidly (Wright, 2002).
Decorrelation can also occur when the surface deforms rapidly, for example during a
landslide or large earthquake, causing steep phase gradients that cannot be detected by
DInSAR (Samsonov et al., 2017).

Other than the above contributions, which affect the coherence of a differential
interferogram, there are other limitations associated with DINSAR measurements. For
example, the largest source of error in DINSAR analysis are atmospheric phase delays
which are difficult to eliminate. There are three factors that affect atmospheric variability:
electron density in the ionosphere, hydrostatic due to pressure changes and a “wet”

component dependent on water vapor content in the troposphere (Bevis & Businger,
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operators for the past two decades including fluid injection information such as, volumes
of water and gas extracted or injected, all of which is free to access online.

In eastern Texas, vast oil and gas reservoirs have been exploited since 1901 and Texas is
the US’ leading oil- and natural gas-producing state, holding more than 25% of the US
proven natural gas reserves and 1/3 of the nation’s crude oil reserves (The Academy of
Medicine Engineering and Science of Texas, 2017). There are also more than 10,000
injection wells in Texas that have been active since 2000, all of which are regulated by
the RRC (Frohlich et al., 2014).

There are four high volume class Il wastewater injection wells located within ~15 km
from the seismicity at Timpson. Two of these high-volume disposal wells lay directly
above the earthquake hypocenters, labelled in Figure 2-1 and Figure 2-2B (W1 and W2).
The other two high-volume wells (E1 and E2) are located ~15 km east of Timpson are

also shown in Figure 2-2B.

Figure 2-2 shows the spatial relationship between seismicity Figure 2-2A and well
injection sites in the region Figure 2-2B. In addition to the four major wastewater
injection wells in the region, there are 19 other class Il wells within 15 km of Timpson
shown in Figure 2-2B. These 19 injection wells inject considerably less wastewater into
the subsurface compared to the four major injection wells, W1, W2, E1 and E2, as
highlighted in Figure 2-4, but lie proximal to the seismicity in Timpson. In Figure 2-2B,
wells are coloured based on their distance from the four major injection wells and each
are labelled with their API number. All of the wells in this study area dispose coproduced
salt formation water, typically the waste product of hydraulic fracturing operations, into

geologically confined underground formations (Railroad Commission of Texas, 2015).
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Figure 2-2 A) Timpson seismicity (circles) plotted as a function of time, pre-2012, 2012
and post-2012, including the 2012 M,4.8 earthquake (red star) and B) major disposal
wells (black squares) and minor disposal wells (coloured squares) included in this study

surrounding the city of Timpson (black outline).

31









The following sections (Chapters 3.2.1 to 3.2.8) discuss the general procedure for
processing strip-map mode data such as, RADARSAT-2, ALOS PALSAR and ALOS-2
interferograms. However, Sentinel-1, has a novel Terrain Observation by Progressive
Scans (TOPS) mode which is significantly different to strip-map mode processing
(Yague-Martinez et al., 2016). Therefore, Sentinel-1 TOPS mode processing is discussed
separately in Chapter 3.2.8.

The entire differential interferogram generation procedure is outlined in Figure 3-3, for
the case of an interferometric pair. In this pair, one image is selected to be the reference
image for which all other images are resampled to. The reference image is referred to as
the master and the resampled image as the slave for the remainder of this study. The
script | created to processes differential interferograms for RADARSAT-2, ALOS and
ALOS-2 can be seen in Appendices A and B.

Master SLC Slave SLC
¥ ¥ L
Intensity - - Orbital External
method _’| Coregicvratlon _method DEM
Initial Baseline Estimation l
¥ DEM
Differential Interferogram Generation P—lm
!
Coherence Estimation
¥
Phase Unwrapping
¥
Precise Baseline Estimation
Displacement Maps
!
Geocoding

Figure 3-3 Processing flow chart for generating geocoded differential interferograms and

displacement maps for strip-map mode data from a stack of coregistered images.
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Firstly, before images can be processed using the GAMMA software, some pre-
processing steps are required. Images are first transformed from raw data into Single
Look Complex (SLC) format, an image that has been focused and the phase has been
preserved (Hanssen, 2001). This process can vary depending on the satellite that is being
processed and the processing facility. For example, RADARSAT-2 data must first be
converted from GEOTIFF and XML format to SLC. This includes generation of SLC
parameter file which contains all information concerning sensor and acquisition mode,

geographical coordinates and acquisition time.

Another pre-processing step that is required for the case of ALOS PALSAR data, is the
oversampling of FBD SLCs to match the resolution of FBS SLCs. As discussed in
Chapter 3.1.3, FBS (10 m) has twice the resolution of FBD (20m), so an oversampling
factor of two is applied to all FBD images to match this resolution. This pre-processing

step is performed using the program SLC_ovr_all (Appendix B).

Also in the case of ALOS data in this study, frames along the same track can be
mosaicked and cropped to create a single SLC over the region of interest. This can be
seen in Figure 3-4, where a single set of SLCs can now be processed to generate

differential interferograms.
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Figure 3-4 ALOS frames used in this study, including the mosaicking and cropping of
two sets of ALOS frames along the same path, 172. Original frames (red dashed outline)
that were mosaicked and cut to region of interest (ALOS1 172_new). Major and minor
injection wells are shown (black squares), as well as location of M4.8 2012 Timpson

earthquake (red star).

3.2.1  Coregistration

Once the SAR images are in SLC format, they can be processed with GAMMA software
(Wegmuller & Werner, 1997). Differential interferometric processing of complex SAR
data combines two SLC images into an interferogram. This requires coregistration of the
offsets between the slave and master SLC image forming the interferometric pair, and

resampling of the slave to perfectly match the master image.
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3.2.7 Precision Baseline Estimation

Once a differential interferogram has been unwrapped, there may be some remaining
residual phase components such as baseline orbital ramps that were not completely
removed during interferogram generation. An initial estimate of the baseline was
calculated from the orbital data (Chapter 3.2.2), which was precise enough for the
removal of the curved Earth phase and interferogram filtering. However, this estimate is
not accurate enough for the inversion of unwrapped interferometric to topographic
heights (Chapter 3.2.8). Therefore, an improved estimate of the interferometric baseline
can be done using least squares fit, for a set of ground control points (gcp) of known
topographic height, which are selected using the program gcp_ras (GAMMA, 2007).
Once ground control points have been selected, a least squares estimation of the
interferometric baseline can then be obtained, using the program base Is. In my
processing script, these programs are performed using the GAMMA program
mk_base_2d.

3.2.8 Displacement Maps and Geocoding

After the precision baseline has been calculated, the unwrapped interferometric phase can
be converted to elevation. This is performed based on Equation 1-4, knowing the precise
baseline leaves only the contribution to surface displacement in the final interferogram.
Finally, the unwrapped interferogram and displacement maps can be geocoded from radar
to map coordinates using the lookup table described in Chapter 3.2.3. An example is
shown in Figure 3-11, noting that areas of low coherence, below a chosen threshold of

0.4, are masked and shown in black.
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Figure 4-1 Outline of RADARSAT-2 wide frames (black outline) used in this study, in
relation to injection disposal wells (black squares) and 2012 Timpson earthquake (red

star).
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20140306 - 20140330 20140330 - 20140423

20140423 - 20140517

20140517 - 20140610 20140704 - 20140728

20140728 - 20140821

20140821 - 20150512 20150629 - 20150723

20150723 - 20150816

20150816 - 20150909 20150909 - 20151023

20151027 - 20151120

Figure 4-2 Wrapped, geocoded differential interferograms for successive acquisitions of
RADARSAT-2 spanning 6 March 2014 to 20 November 2015. Background intensity map

is exposed for incoherent regions. Interferograms have been multilooked (3 in range, 10

in azimuth) and filtered. Dates in YYYYMMDD format. Colour scale represents the

wrapped interval between 0 and 2m, with each full cycle equivalent to 28 mm

deformation (half the RADARSAT-2 wavelength).

78




201501120 - 20151214 20151214 - 20160107 20160107 - 20160131

20160131 - 20160717 20160717 - 20160810 20160810 - 20160903

20160903 - 20160927 20161021 - 20161114 20161114 - 20161208

20161208 - 20170125 20170125 - 20170218 20170218 - 20170314

Figure 4-3 Wrapped, geocoded differential interferograms for successive acquisitions of
RADARSAT-2 spanning 20 November 2015 to 14 March 2017. Background intensity
map is exposed for incoherent regions. Interferograms have been multilooked (3 in range,
10 in azimuth) and filtered. Dates in YYYYMMDD format. Colour scale represents the
wrapped interval between 0 and 2m, with each full cycle equivalent to 28 mm

deformation (half the RADARSAT-2 wavelength).
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Figure 4-2 and Figure 4-3 presents selected RADARSAT-2 differential interferograms
for subsequent time steps from March 2014 to March 2017. Most of the interferograms
shown here are highly coherent due to the small temporal baseline (the amount of time
between acquisitions), whereby most pixels have consistent scattering properties between
acquisitions. However, as the temporal baseline increases, coherence decreases. For
example, the interferogram 20140821 - 20150512 is highly decorrelated due to the large
time period between acquisitions, and the scattering properties of the surface have
significantly changed, causing decorrelation. On the other hand, the interferogram
20150629 — 20150723 is highly decorrelated despite having a temporal baseline of only a
few weeks. This decorrelation could be explained by other decorrelation factors as
discussed in Chapter 1.4.4, for example atmospheric or thermal effects, affecting the

phase contribution to interferometric phase.

All interferograms were masked by removing incoherent pixels that did not meet a
coherence threshold. In Figure 4-2 and Figure 4-3 pixels with coherence less than 0.2
were removed, exposing the background intensity image. This exposes large incoherent
regions in the interferogram, highlighting two major lake features, which remain
decorrelated in all interferograms. Masking these pixels is essential when unwrapping the
interferometric phase, to ensure unwrapping is done as accurately as possible. However,
this causes discontinuities in the interferometric phase, which can also cause problems
during unwrapping, affecting surface deformation interpretations (Hooper & Zebker,
2007).

However, from Figure 4-2 and Figure 4-3 it is also clear there are some features in the
interferometric wrapped phase that may cause problems when interpreting surface
deformation. First, atmospheric artefacts are a large source of errors in DINSAR analysis
and this is evident in interferograms used in this study. For example, the interferogram
20140704 — 20140728 shows a broad region of phase change over the study area, at least
three interference fringes corresponding to ~8 cm surface deformation. However, upon
further inspection this large signal represents atmospheric signal (S. Samsonov, personal
communication, July 2017). This atmospheric effect will alter surface deformation

measurements, affecting any interferogram that covers the time period when this
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