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1. Introduction

The main goal of this tutorial is to give a basic description of the SARscape SBAS andE-SBAS processing chain
to obtain precise topography , average displacement models and displacement time series that
allows the monitoring of the temporal evolution of surface deformations affecting distributed targets.

The new E-SBAS technique identifies and process Permanent Scatterers pixels together with Distributed
Scatterers ones. Providing a more comprehensive and valuable output. ESBAS is capable of measuring Non
Linear displacement trend to both PS and DS pixels.

The proposed approach for E-SBAS is inspired by (Lanari, 2004). The deformation products will be obtained
exploiting a combination of both Small Baseline subset (SBAS) and Persistent Scatterers Interferometry (PSI)
methods, in order to estimate the tempora | deformation at both DS and point -like PS. The low-pass (LP) and
high-pass (HP) terms are used to name the low spatial resolution and residual high spatial frequency
components of signals related to both deformation and topography.

The role of the SBAS technique is twofold: on the one hand, it will provide the LP deformation time series in
correspondence of DS points and the LP DEMresidual topography; on the other hand, the SBAS will estimate
the residual atmospheric phase delay still affecting the interferometric data after the preliminary correction

carried out by leveraging GACOS products and ionospheric propagation models.

The temporal displacement associated to PS points will be obtained applying the PSI method to interferograms
previously calibrated removing the LP topography, deformation and residual atmosphere estimated by the
SBAS technique. Thi s BStand $BAS methdds ensuning cdansstency df éeformation
results obtained at point-like and DS targets and, therefore, provides better results with respect to the
approach of executing the two methods independently from each other. The proposed hybrid approach is not
just the simple application of the two techniques independently, indeed, the proposed approach is able to
analyze both strong reflectors and distributed targets, delivering lower resolution DS results combined with
higher resolution PS for even non-linear trends in an integrated continuous spatial solution.

As reminder, the SBAS approach is based on the Differential Interferometric Synthetic Aperture Radar
(DINSAR) technique, which refers to the basic principles of the interferometry. The interferometric phase is
the contribution of 4 components: the topographic component, the phase noise component, the displacement
component, and the atmosphere component. A stack of images allows the separation of the different
components.

The E-SBAS approach can achieve a precision of about 122 mm/year for temporal and spatial coherent areas,
comparable with GPS andPersistent Scatterers PS measurements The measured precision decreases where
temporal and spatial coherence decrease, as for instanceover vegetated or snowed areas.

Note: Torun an E-SBASprocessing it is necessary to compute an SBAS processing until the Second Inversion
Step, see the E-SBAS block diagram reported inFigure 1.
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Workflow Overview

The E-SBAS technique uses the input SLC data to select the pair combinations for the interferogram generation.
The Super Master is automatically chosen among the input acquisitions. The Super Master is the reference
image of the whole process, and all the slant range pairs (specified in the CG_report.txi) are co-registered
on this slant range reference. Once the co-registration is performed, the interferograms are generated.
Using a reference Digital Elevation Model (DEM) the flat earth and the topography are removed . The
better the reference Digital Elevation Model accuracy/resolution the better the result in terms of topography
removal and quality of co-registration. To remove the phase noise , the flattened interferograms are filtered.
Starting from the filtered interferograms  , the spatial coherence s calculated for each interferogram.
Once the filtering is performed, the unwrapping procedure allows to obtain the absolute phase for those
pixels whose coherence overcomes a defined threshold value.

The next SBAS steps require arefinement and re -flattening process before proceeding to remove the
offsets and the trends from the stack of unwrapped phases (Inversion step) or from the final products
(Geocoding step).

The re-flattened unwrapped phases are used by both SBAS Inversion steps for the estimation of the
modeled displacement rate and of the topographic residuals with respect to the reference DEM. The
E-SBAS processing, is capable to estimate linear and nonlinear displacement trends, applied for both DS and
PS pixels.

Once the date by date displacement measurements (known as high pass components) are carried out, the
algorithm performs the estimate of the atmospheric effects . First, the displacement model previously
estimated is subtracted date by date, from the interferograms measurements (_dint files). Then the
atmospheric correction is performed through the application of an Atmosphere Low Pass filter (LP), this
accounts for the spatial distribution of the atmospheric variations. It is implemented by using a square wi ndow:
large windows are more suitable to correct large scale variations, while small windows are better to correct
isolated artifacts due to localized variations. The smaller is the window size, stronger will be the filter

effect .

Once the atmosphere and the LP component phase trend are removed, the algorithm estimates the temporal
coherence for each pixel, providing the linear residual-velocity that best fits the temporal evolution of the
residual-phase measurements for that point. As mentioned, the LP components are estimated by SBAS
processing instead of the first PS inversion which can only estimate a linear trend. The residual-phase
measurements is obtained by removing the LP phase components and the atmosphere. The PS High Pass
(HP) algorithm is then applied on the residual phase.

The PS processing is applied to each pixel, andif the coherence value is higher than the threshold configured
by the user, the point is treated as a PS(the previous velocity is added back to the residual-velocity estimated
by the PS matching and the time series is defined via temporal unwrapping), otherwise it remains a DS (with
velocity and time series derived from SBAS) or it is rejected (if it is not even a DS).

The displacement values are reported with:

9 Positive sign if the movement corresponds to a decrease of the sensor-to-target slant range distance.
1 Negative sign if the movement corresponds to an increase of the sensor-to-target slant range distance.

It is worthwhile to mention that the re -flattening, which is performed on the displacement products, does not
foresee the orbital refinement; it means than only a ramp (using minimum three GCPs) or a constant term
(using minimum one GCP) can be removed.
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The E-SBAS performed steps and substeps are described in the list below and correspond to the logical
workflow shown in Figure 2:

SBAS Processing Chain

1.
2.

Connection Graph

Interferometric Workflow

2.1. Coregistration

2.2. Differential interferogram generation

2.3. First Phase Unwrapping: standard 2D

Inversion First Step

3.1. Unwrapped phase stack Refinement and Re-Flattening

3.2. Average displacement model and residual topography estimation
3.3. SecondPhase Unwrapping: standard 2D

Inversion Second Step

4.1. Unwrapped phase stack Refinement and Re-flattening

4.2. Displacement low pass (LP) component estimation

4.3. Atmosphere pattern removal

4.4. Mean power image and precision component estimation

4.5. Temporal coherence and other ancillary information estimation
Geocoding (not mandatory for E -SBAS processing)

5.1. Final product Refinement and Re-Flattening

5.2. Average displacement model, precisions, andother layers geocoding in shape and raster format
5.3. Displacement time series geocaling in shape and raster format

E-SBAS Processing Chain

Connection Graph

Interferometric Workflow

2.1. Coregistration

2.2. Differential interferogram generation

Inversion

3.1. Low pass component subtraction from differential interferogram
3.2. Atmosphere estimation and removal

3.3. Displacement high pass (HP) component estimation

3.4. Integration of LP and HPdisplacement component

Geocoding

4.1. Final product Refinement and Re-Flattening

4.2. Average displacement model, precisions, andother layers geocoding in shape and raster format
4.3. Displacement time series geocaling in shape and raster format
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Imported focused Digital Elevation SBAS workflow
image stack Model (DEM)
1. Connection Graph 2. Interferometric B .Inversmn
Process (first step)
1y 1Y
(Tt TTTTTT T A
: 6. Geasadin \ 5. Inversion
1 ) | - : (second step)
Opti
.. ® - current cluster-ready steps ‘*- - —( -p—lo—nz)- p—_—— — S/

E-SBAS workflow
1. Connection 2. Interferometric
Graph Workflow e
A 4
4. Geocoding 3. Inversion
t"r‘.

Figure 1 E-SBAS block diagram

Figure 2 E-SBAS logical workflow

The SBAS andE-SBASprocessing described in this tutorial was performed in a workstation with the following
characteristics:
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SARscape version 6.1.0

ENVI version 6.0.0

SO 64-bit Windows 10 Pro

RAM 32GB

Processor ProcessorAMD EPYC 7313 168Core Processor, 3001

Mhz, 16 Core(s), 32 Logical Processor(s)

OpenCL AMD EPYC 7313 16Core Processor

HD SSD (as working directory)

The entire sample data stack and the SBASE-SBAS results shown in this tutorial can be found in the
DataSetsTutorials folder on our FTP (ftp.sarmap.ch). Please contact us at support@sarmap.ch to get the login
credentials to access the FTP providing the full name of the license owner, the name of your institution and
the license number.

2. Training Data sets description

The training dataset concerns the tailings dam collapse occurred at the Cadia Gold Mine on March 9" 2018.
The mine is operated by Newcrest Mining, in Orange, New South Wales, Australia. Cadia is one of the largest
open cur gold and copper mines in Australia.

The collapse appears to have occurred on the Northern Tailings Storage Facility, on a dam that links two
tailings storage areas. The tail i ngsTheweaverenodpmesoslossd wi t |
of life, primarily due to a perceptive and timely evacuation of the site prior to the Event in accordance with

the CVO Dam Safety Emergency Plan (source Newcrest) 6 :

Figure 3 The tailings dam failure at Cadia mine in Australia. Image from Newcrest.

8
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The AOI is covered by Sentinell track number 45, Descending orbit. A data stack of 79 images in VV
polarization will be used, the temporal coverage is from the 1%t of March 2015 to the 25" of February 2018.

To obtain the 2D displacement projected along the vertical and east-west direction The E-SBAStechnique has
to be applied separately to each geometry, performing all the steps from the Connection graph to the
Geocoding in order to obtain a consistent result.

In this tutorial only the Descending dataset processing is described, therefore the images and graphs
correspond to the track 45.

3o . Cdia

Errowanbang

3. Figure 4 Cadia AOI.

3. Processing Time

The Table below summarizes the processing time to perform the E-SBASIn the Cadiaarea for the Descending
dataset. The processing time reported considers only the computational time and it represents only a rough
estimate by considering a machine with moderate performance. The operator time required to analyze each
step results is not reported since it depends on the user knowledge and experience in E-SBASprocessing.

SBAS Processing chain
Dataset 45D (85 acquisitions)
Step Time [ hh: min :ss]
Connection Graph 00:01:00
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Interferometric Process 01:15:00
Inversion: First Step 00:20:26
Inversion: Second Step 00:05:00
Geocoding 00:02:01

E-SBAS Processing chain

Step Time [hh:min:ss]
Connection Graph 00:01:00
Interferometric Process 00:13:00
Inversion 00:02:34
00:01:00 00:01:00

4. Before starting

Before starting to run the SBASprocessing chain, it is strongly recommended to:

1 setthe ENVI Preferences

set the SARscape PreferenceqSpecific) based on the Sentinet1l TOPSAR(IW 1 EW).

1 read the Getting Started, Data Preparation and Basic Tutorial to become familiar with the basic
processing chainthat allows managing the dataset provided to run the SBASprocessing.

=

In fact, the dataset provided was downloaded, imported, and sampled using the corresponding SARscape
tools.

The provided binary raster files are delivered with 3 auxiliary files:

1 .hdr (an ASCII header for ENVI visualization)
1 .sml (an ASCII header for SARscape processing with the main acquisition information)
1 .kml (an ASCII file for Google Earth).

It is worth to mention that to apply the E-SBAS technique users haveto consider suitable sensor s
and acquisition mode s, as well as small temporal and/or spatial separation (baseline) between
the acquisition  orbits . The provided dataset is suitable for E-SBAS processing.

TIP This tutorial performs the E-SBAS processing in a defined area of interest. If users want to analyze a
different dataset, they should consider that a full frame processing is fully discourage if they do not have
the E-SBAS cluster versionbecause of the dramatic computational resources needed To reduce the
processing time a sampled dataset is strongly recommended.

To quickly analyze the results of each step, SARscape stors each output in the corresponding folders. In fact,
once the Connection Graph step is performed, t h e AOut put o0 FBASprocedsiagmeand the
_ESBAS processing folders are created.

The principal sub-folders relevant to the E-SBAS processing chain are
10
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connection_graph
interferogram _stacking
inversion

work.

=A =4 =4 =4

Note that all the parameters that need to be set or changed by the operator, different from the default values,
are highlighted in this document using orange color of the text.

5. SBAS - Connection Graph Generation

Imported focused Digital Elevation SBAS workflow
image stack Model (DEM)
1. Connection Graph 2. Interferometric 3.fvlnver5|0n
Process 4 umg (first step) g g
(1) (1)

_——— e ——

R
5. Inversion
(second step)

6. Geocoding

(Optional)

. .! .‘ = current cluster-ready steps S - - - -

E-SBAS workflow
1. Connection 2. Interferometric
Graph Workflow o
4. Geocoding 3. Inversion
[ EX']
(]

This functionality defines the SAR pair combination (Masters and Slaves) and the connection network, which
is used for the generation of the multiple differential interferograms. This step is mandatory and deletes any
content present in the output root folder if a process with the same root name has been performed before.

The pairs to be processed are shown as connections in a network that links each acquisition to the others.
Given N acquisitions, the maximum theoretical possible connections, connecting each acquisition with all the
others, are (N*(N-1))/2. For each pair, an interferogram is generated in the /nterferometric Process step.

TIP The connection graph can be edited using the specific tool in /SARscapéinterferometric
Stacking/SBAS & ESBAS/SBAS Tools/SBAS Edit Connection Gragfzee Annex 4). The editing can be
performed before or after any SBAS sters.

11
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The Connection Graphis performed running the /SARscape/Interferometric Stacking/SBAS & E
SBAS/1- Connection Graphpanel (see Figure 5).

Input files

Insert all the _slc or _slc_list files, previously prepared, in the Input file listtab f r o m 46 eutdo i f odf d e r
the dataset.

Optional file

Leave the Input Master file empty (this file is automatically chosen by SARscape)

Principal Parameters

Min Normal Baseline (%)
This threshold corresponds to the minimum percentage of the critical baseline value, which is considered
acceptable in the generation of the possible data connections.

Max Normal Baseline (%)
This threshold corresponds to the maximum percentage of the critical baseline value, which is considered
acceptable in the generation of the possible data connections.

Min Temporal Baseline [@ays)
This threshold corresponds to the minimum temporal distance, which is considered acceptable in the
generation of the possible data connections. This value is expressed in days.

Max Temporal Baseline (days)
This threshold corresponds to the maximum temporal distance, which is considered acceptable in the
generation of the possible data connections. This value is expressed in days.

Degree of Redundancy
A further degree of redundancy selection criteria can be specified:
91 high, all the interferograms respecting the previous Baseline thresholds are accepted.
1 /ow, the program tries to minimize the number of interferograms to be generated, based on the Graph
Redundancy Criteria and on Min Connection per Acquisition

Redundancy Criteria
The following selection criteria are foreseen for the removal of redundant connections, when the Degree of
Redundancy is /ow.
1 Min Normal Baseline the number of connections is minimized by keeping only those having the
smallest spatial baseline.
1 MaxNormal Baseline the number of connections is minimized by keeping only those having the largest
spatial baseline.
1 Min Temporal Baseline the number of connections is minimized by keeping only those having the
smallest temporal baseline.

Max connections per Acquisition

Number of connections (interferograms) per acquisition remaining after the redundancy reduction. This
parameter indicates the average redundancy of the connection graph, and bibliography suggest setting a value
higher than 5 to obtain reliable inversion solutions.

Allow Disconnected Blocks

12
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The standard approach of SBAS requires a fully connected graph. If this is not possible, the SBAS can also
works with temporal discontinuities and connect the time-series (blocks) before and after the discontinuities.
Flagging the Allow Disconnected Block$option, the SBAS works on continuous groups of acquisitions and
extrapolate the First Inversion model for the disconnected time intervals.
By setting this option to True, the program does not discard any group of images and the disconnected SBAS
functionality is automatically activated for the next inversion steps.
The choices are the following:

1 False when the graph is not fully connected the disjointed acquisitions and blocks are rejected.

1 Allow. the disjointed acquisition blocks are kept.

[E] sBAS Connection Graph - o X (&} sBAS Connection Graph - o x
SBAS Connection Graph SBAS Connection Graph
Input Files  Optional Files  Parameters  Output Files Input Files  Optional Files  Parameters  Output Files
Input File List
[ sentincl1_45_20150301_192324737_IW_SIW1_D_WW_cut_cut_slc_list - B
~{E sertinel1_45_20150430_192326857_IW_SIW1_D_WV_cut_cut_slc_list & e
sertinel1_45_20150524_192311675_IW_SIW1_D_WW _cut_cut_slc_list o R e 5
| sertinel1_45_20150605_152312450_IW_SIW1_D_\V_out_cut_slc._list x n Normal Baseline (%) .
- sertinel1_45_20150617_192312979_IW_SIW1_D_VV_cut_cut_slc_list Wax Normal Baseline (%)
sertinel1_45_20150625_152314006_IW_SIW1_D_WW _out_cut_slc_list Min Temporal Baseline (days) |0
~{E sertinel1_45_20150909_192316615_IW_SIW1_D_WV_cut_cut_slc_list Max Temporal Baseline (days) | 180
B sentinel1_45_20150921_192316920_IW_SIW1_D_VW_cut_cut_slc_list Degree of Low
B sertinel1_45_20151003_182317165_IW_SIW1_D_WW _out_cut_slc_list Redundacy Criteria Min Normal Baseline
B et
sentinel1_45_ B  IW_SIW1_D_WW_cut_cut_slc_list Allow Di cted Blocks False
{8 sentinel1_45_20151202_192313673_IW_SIW1_D_WW_ocut_cut_slc_list RS COme £
B setinel1_45_20151214_1923104891_IW_SIW1_D_VV_msc_ecut_cut_sle_list
B sertinel1_45_20151226_132310056_IW_SIW1_D_WW_msc_cut_cut_slc_list
ertinel 1_45_20160107_192309615_IW_SIW1_D_WW_msc_cut_cut_sic_list
ertinel1_45_20160119_152308322_IW_SIW1_D_VW_msc_cui_cut_slc_list
| B sentinel1_45_20160131_192308949_IW_SIW1_D_WW_msc_cut_out_sic_list v
85 files.
e | SoreBatch || Eec || Close ) Store Batch Exec Close
SBAS Connection Graph — [m] X
SBAS Connection Graph
Input Files  Optional Files  Parameters  Output Files
Output Root Name
- Cadia_450_tutorial a
&
e | StoreBatch ||  Exec || Close
Figure 5 Connection Graphpanels.
Output Files

Choosethe location of the processing folder and an Output Root name.

The Output Root Name is used to create the processing folder. The folder name is given by the following
c 0 mp o s iOutpubRoot Na meSBAS processing

Once the SBASConnection Graph process is completed a report and two graphs are displayed (Figure 6). The
graphs are:

13
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1 7Time-Position plot, which provides the relative normal distance between the acquisitions in meters (y
axis), and the input acquisition dates (x axis). The T7ime-Position plot allows users to visually
understand if the graph is fully connected and matches with required redundancy criteria. The higher
the connection the most reliable displacement estimates.

TIP The theoretical minimum average number of connections per acquisition is 5; we suggest an ideal

configuration of 10 connections per acquisition. Obviously, as you increase the number of connections,

the computational time is increasing.

1 7ime-Baseline plot which provides the normal baseline in meters (y axis) and the input acquisition
dates (x axis). This graph shows the interferogram coverage for each date.

Each acquisition is represented by a diamond. The color of the diamond symbol is as follows:
1 Red: discarded acquisitions due to user specificconstraints.
1 Green: valid acquisitions.
1 Yellow: Super-Master acquisition. The Super-Master is the reference image of the whole processing,
and all the processed slant range pairs are co-registered and overlayed to this reference geometry.

TIP The graphs can be reloaded at any processing stepfrom /SARscapéinterferometric Stacking/Stacking
Tools/Plot Viewerpanel by adding the auxiliary file.

) Time-Position Plot - a x

File Edit Inset Operations Window Help File Edit Inset Operations Window Help

DFHE -~ L BRxoME Qv ANoo ¢e DFHE o>t BRxofME Qv ANoo ¢e
Time-Position Plot Time-Baseline Plot

L
.JJJHI'IIH

Relative Paosition [m]
s
8 3

Normal Baseline [m]

g

TTTT[TTTT[TITITIT]
JHIlIIHM.

an1s  1dani6  3Decls  3iDecdi  1Jan1g Tan1s  1dani6  3Decls  3iDecdi  1Jan1o
Acquisition Date Acquisition Date

Click to select, or click & drag selection box [Click to select. or click & drag selection box [65.381]

Figure 6 Plots generated by the Connection Graphtool.

In addition to the plots, t he multi-looked Super-Master image (suffix, "_pwr") is also generated and displayed
in ENVI (Figure 7). The multi-looked factor is automatically computed based on the grid size specified for the
sensor once the Preferencesspecificare set.

14
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Layer Marsoer ] Toabax Ll

il /5ARec s isermeln Suachng/SBAS § ESBAS/2- 11|

7+ 1-Comection Graph
7+ 2 Inaferometn: Frocsss

[r— v

11208 182325756, JW_SIN1_D_W_ru

Figure 7 Multi-looked Super Master image.

The Connection Graphstep generates the auxiliary.sml/file, the connection graph folder results, and the work
folder.

The auxiliary file is the principal file that guide users in the SBASprocessing, all the mandatory SBASsteps
are based on the auxiliary file (see Annex 1).

The Connection graph folder includes:

1 CG reporttxt, which summarizes the graph pairs characteristic, such as the total number of
interferograms that shall be generated by the /nterferometric Process step and involved in the
following steps. Given the actual stack of input acquisitions and constraints set, the number of
interferograms shall be generated by /nterferometric Process step are 276. With an average number
of interferograms per acquisition equal to 9. 4.

91 plot sub-folder, which is used to store the files ( CG_baseline.txtand CG_position.tx) necessary for
the visualization of the graphs in ENVI.

The work folder includes sub-folders. The subfolders are created in the work folder once each step of the
SBAS processing chain igun, and their name is automatically given by the step name.

It is worth to mention that the parameters.smlfile is also created in the work folder. In this file all the set
parameters used in that processing are recorded.

15
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6. SBAS - Interferometric Process

The Interferometric Process step creates a stack of multi-looked unwrapped interferograms through a few
sub-steps: co-registration, differential interferogram generation, optional phase pattern removal and
unwrapping. The sub-steps implemented here are executed using the standard DINSAR processing approach.

The data multi-looking factors are referred to the Super Master image.

TIP We suggest processing the distributed targets with a looks number greater than 1 look (range looks
x azimuth looks), to obtain wrapped interferograms with a higher Signal to Noise Ratio (SNR), capable to
provide more reliable coherence estimates and continuous unwrapped phases.

The /nterferometric Process is performed running the /SARscape/interferometric Stacking/SBAS & ESBAS/2
- Interferometric Process panel (see Figure 8).

Input files

Insert the auxiliary.smlfile.

Optional file

Leave the Geometry GCPFile empty.
Leave Avoid Moving Area File empty.
Leave Optional Water Vapor List empty.
Leave Classification Mask File empty.

DEM/Cartographic System

Insert the aw3d30_dem provided in the dataset.

Principal Parameters

Rebuild Al

Range Looks

Azimuth Looks

Grid Size for Suggested Looks

Number of Parallel Unwrapping
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Apply Layover and Shadow Mask
Mask the results in layover and shadow areas.

Atmosphere External Sensors

By inserting this optional list, the software removes the atmosphere artefacts from the filtered interferogram
stack using external sensors such as GACOS and MERIS (only for ENVISAT data). The external layers must
be previously downloaded and imported with the appropriate tools. The algorithm checks the
correspondence between the SAR acquisition and the external sensor layer stack dates, before converting to
the slant range Zenith Path Delay (ZPD) and removing it from the corresponding interferograms.

Atmosphere Height Correlation Flag

By selecting this flag, the algorithm estimates and removes the height-related component of the atmosphere

from each interferogram, using a the fAHeight Correlati
to define the size of the filter. The smaller this window the more spati al (height-related) details will be

removed from the interferograms. This flag is dedicated to mountainous areas with atmospheric artifacts

strongly correlated to height.

Coregistration with DEM
By setting this flag, the input Digital Elevation Model is used in the co -registration process.

Unwrapping Method Type

The choice is given between the following unwrapping methods:
1 Region Growing the Region Growing unwrapping method is used.
1 Minimum Cost Flow; the Minimum Cost Flow (square grid) unwrapping method is used.
1 Delaunay MCFKthe Minimum Cost Flow (triangular grid) unwrapping method is used.

Unwrapping Decomposition Level
The number of under sampling levels to be applied to the complex interferogram before performing the
phase unwrapping can be specified.

TIP At this step it is recommended to set decomposition level at O (expensive for the calculation times,
but able to better preserve fast spatial phase variations) or 1 (faster, more robust with noisy
interferograms, but in cases of very fast spatial phase variations may suffer from aliasing problems).

Unwrapping Coherence Threshold
Pixels with coherence values smaller than this threshold are not unwrapped and set to NaN.

Filtering method
The choice is given among the following filtering methods:
1 Boxcar window.
1  Goldstein.
1 Adaptive window.
1 Adaptive Non-Local InSAR

17



@ SBAS Interferometric Process

SBAS Interferometric Process

SBAS Interferometric Process™ ™

[&]) SBAS Interferometric Process - O x

B auiiary sml

Input Files  Optional Files DEM/Cartographic System  Parameters

Auxiliary File

Input Files  Optional Filess DEM/Cartographic System  Parameters

DEM File

2 ] aw3d30_dem

Store Batch Exec Close (7]

[&] sBAS Interferometric Process -

SBAS Interferometric Process ~

Store Batch Exec Close

Input Files ~ Optional Files DEM/Cartographic System  Parameters

Principal Parameters ~

Main Parameters.
Rebuild Al |False
Range Looks 3
Azimuth Looks 1
Grid Size for Suggested Looks 15
Number of Parallel Unwrapping 2
Apply Layover and Shadow Mask  |Trus
Atmosphere External Sensors NOT SELECTED
Atmosphere Height Correlation Flag |False
Coregistration With DEM True
Unwrapping Method Type Delaunay MCF
Unwrapping Decompostion Level 1
Unwrapping Coherence Threshold 0.3
Fittering Method Goldstein
(7] Store Batch Exec Close

Figure 8 /nterferometric Process panels.

Considering that the area under analysis is almost flat and the interferograms are well flattened by the
reference DEM (coupled with the weak sensitivity to the topography of the Sentinel -1 orbital configuration), it
is possible to use the Delaunay MCRechnique for the unwrapping . This technique offers greater robustness
around areas of low coherence while avoiding incorrect phase discontinuities compared to its MCFapproach.

TIP Other important parameter s that deserve to be mentioned in this step are the interferometric filter
type and the interferometric filter intensity. The Goldsteinfilter offers an excellent quality -performance
ratio, while the Adaptive Non-Local InSAFfilter preserves more details as well asoffers a better estimation

of spatial coherence, at the expense of a larger computational time;

therefore the Adaptive Non-Local

InSARfilter is recommended for small datasets (in terms of number of interferograms and their pixel size,
e.g., 1000x1000 pixels) as well as being bound to the use of a graphic processing units (GPU to exploit
its multithread optimization .

Output

Output layers are saved inside the /nterferogram_stacking folder. This directory contains the following

products:

1 Due to the large number of output products meta (_meta) and series (.series) files are generated.
They enable to load at once all relevant output products.
1 The interf _tiff sub-folder contains the tiff files of intermediate interferometric SBAS results.
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Generated meta and series files:

1 /S _cc_meta, IS cc.series, which refers to all coherence images.

1 /S fint_ meta, IS fint.series, which refers to all flattened and filtered interferograms.

1 /S clean _fint_meta, IS clean_fint.series which refers to all flattened, filtered and cleaned (outputted
by optional processes) interferograms.
IS upha_meta, IS _upha.series, which refers to all unwrapped phases.

1
1 /S pwr_meta, IS pwr.series, which refers to all slant range intensity images.

The work _interferogram_stacking folder stores intermediate processing results.

To distinguish the incoming SAR pair from which each outgoing product comes (as well as to identify it in the
connection network), a prefix containing the master -slave acquisition dates (e.g., Yyyymmdd) and the master-
slave relationships will be added.

Please note that hereinafter /S _is the prefix used for /nterferometric Processproducts.

After the /nterferometric Processstep, it is very important to check the intermediate products, in particular:
1 the flattened and filtered interferograms, * fint.tff files (also called wrapped interferograms).
91 the unwrapped phases * ypha.
1 the coherence series * cc.

TIP To check the coherence and unwrapped phase files, upload in ENVI the /S cc.series and the

IS _upha.seriesfrom the interferogram_stacking folder. The ENVI Series Manager opens and allows users
to quickly analyze the files. The visualization of the coherence files in grey scale is recommended (see
Figure 9), the visualization of the unwrapped files in rainbow color scale is suggested (seeFigure 11). For

this reason, right click on the * upha.seriesfile from the ENVI Layer Manager, and select Change Color
Table/Rainbow. To check the *_fint.tiff files a simple image viewer could be enough (see Figure 10).
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Figure 9 coherence transect for the Unwrapping Coherence Threshold evaluation.

TIP The coherence threshold value to be set in the /nterferometric Process panel can be increased or
decreased depending on the coherence values characterizing the study area (see Figure 9). This value
must be increased if there are (on average) too many noisy areas that must be removed from the
unwrapped stack not to compromise the result; anyway, it should not be increased too much, e.g., not
more than 0.4-0.5, to preserve a sufficient spatial coverage.
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Figure 10 Filtered interferogram wrapped phase tiff . Pre-event interferogram on the left,
interferogram close to the on the right.
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Figure 11 Unwrapped interferogram phase colored with the ENVI Rainbow color scale.

Observing the above-mentioned results anomalous behavior, such as inaccurate orbits phase ramp, un-
coherent pairs, atmospheric artifacts, residual topography effects, can be detected.

TIP In case of some unwrapped interferograms are still characterized by very low coherence (visible as
low coverage) or unwrapping errors, it is recommended to remove them from the interferometric stack
with an Edit Connection Graph (see Annex 4), aiming to improve the result of the following SBAS
inversions.
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7. SBAS - Inversion: First Step

In this step, the parameters of the model fitting the trend of deformation according to the behavior of the
area of interest are estimated. The parameter estimation is performed on the unwrapped interferogram stack
(re-flattened *_reflat_upha), by inverting the corresponding system of equations. The matrix inversion is then
carried on with a Single Value Decomposition (SVD) approach. Only the pixels characterized by a fully
connected graph (subordinated to the imposed coherence threshold value), will be considered, and solved by
the inversion. The result of this step will therefore typically be an average displacement rate (v) and a
topographic residual (h) value. The No Displacementmodel is a custom method, where the SBAS is used
as a high precision DEMs generator.

TIP It is advisable to start using a linear inversion model as fitting deformation model resulting the more
robust and reliable choice. Other models (e.g., quadratic, cubic) require high connection graph redundancy
and highly coherent interferograms to provide reliable results.

After the deformation trend estimation via SVD inversion, the known components are removed from the
wrapped interferogram stack, to allow a second unwrapping (see Figure 12), with the aim of improving the
unwrapped interferogram stack ingested by the /nversion: Second Step.
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Figure 12 Second unwrapping detailed workflow.
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The /nversion. First Step is performed running the /SARscape/interferometric Stacking/SBAS &
E-SBAS/3- Inversion. First Step panel (Figure 5 Figure 13).

Input files

Insert the auxiliary.smlfile

Optional files

Refinement GCP file

See Annex 5 for more details.

Principal p arameters

Rebuild All

Product Coherence Threshold

Displacement Model Type

The three displacement polynomial models can be synthesized as follows:
OQi pp Jdo0 o© EC)) J0 o 6:“ J0 o

where Dispis the displacement at time £, K1 is the linear term [mm/yeatr], corresponding to the instantaneous
displacement velocity; K2 is the quadratic term [mm/year 2], corresponding to the instantaneous displacement
acceleration; K3 is the cubic term, corresponding to the instantaneous displacement accelerationvariation
[mm/year 3].
The displacement periodical model can be synthesized as follow:

0Qi p 20 o 0 AT & 00006 o 0

where Dispis the displacement at time £, K1 is the linear term, corresponding to the instantaneous
displacement velocity; K2 is the modulation term [mm]; K3 delay [days]. F is the known expected frequency
(1/ Model Period).

Estimate Residual Height
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1 In case of less than 20 images, this could lead to a pour residual height estimation, and consequently
a wrong velocity estimation, due to strong atmospheric artefacts . This could mostly happen for stack
with small normal baseline as Sentinel1. The simplest model (with just one free term) increases the
result reliability.
When this parameter is selected, and the Displacement Model Typeselected is no displacement, the SBAS is
used for the generation of precise DEMs.

Spatial Wavelet Size (m)

It preserves the estimated residual topography data resolution up to the specified value. It removes the low
pass distortion under this resolution value and preserves the spatial details by using wavelet decomposition. If
this value is smaller or equal to O is not considered.

Allow Disconnected Blocks
By setting this flag the program provides the solution for disconnected coherent targets over the grid point.
The full graph connectivity is not a constrain anymore (refer to the Technical Note in the Connection Grapl).
The disconnected block SBAS provides a higher spatial coverageof the final results, limited by the Min Valid
Interferogram percentage threshold.
The choices are the following:

1 False when the graph is not fully connected it is rejected.

1 Allow. the results are provided even if the graph is not fully connected.

Min Valid Interferograms (%)

Percentage of the minimum number of accepted SBAS inversion equations (interferograms over the coherence
threshold) for getting a result for each output grid point. This parameter is considered if it is equal or greater
than zero and should be used when the Allow Disconnected Blockss flagged (or the Allow disconnected Blocks
has been previously flagged in the Connection Graph generation step). We suggest a threshold higher than
50% to have enough valid measurements to correctly calculate the SVD inversion.

Stop Before Unwrapping
By setting this flag, the phase unwrapping (last step of the processing sequence) is not executed.

Number of Parallel Unwrapping

Defines the number of unwraps that will be performed in parallel (one interferogram for each thread). This
parameter must not exceed the total number of CPU threads. The user should consider the available system
memory before increasing the number of parallel processes, as the memory consumption is directly related to
the number of unwraps performed in parallel.

Unwrapping Method Type
The choice is given between the following unwrapping methods:
1 Region Growing the Region Growing unwrapping method is used.
1 Minimum Cost Flow; the Minimum Cost Flow (square grid) unwrapping method is used.
1 Delaunay MCFKthe Minimum Cost Flow (triangular grid) unwrapping method is used.
Set the Unwrapping Method Type to Delaunay MCF

Unwrapping Decomposition Level
The number of under sampling levels to be applied to the complex interferogram before performing the phase
unwrapping can be specified.

Unwrapping Coherence Threshold
Pixels with coherence values smaller than this threshold are not unwrapped and set at NaN.

Refinement Radius (m)
Maximum buffer radius for the association of Ground Control Point with respect of the slant range unwrapped
phase closer valid pixel.

Refinement Residual Phase Poly Degree

Degree of the polynomial used to estimate the phase ramp, which will be removed from the input unwrapped

phase during the Re-flattening operation. In case this value is higher that the number of input Ground Control

Points, it will be automatically decreased. The default values of 3 means that a phase ramp in range and
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(7] Store Batch Exec Close (7] Store Batch Exec Close
[ sBas Inversion: First Step = o X
Input Files  Optional Files  Parameters
Principal Parameters
Main Parameters
Rebuild All |False -~
Product Coherence Threshod | 03
_D:tsplacement Muda_\l Type Linear
Estimate Residual Height True = |
Spatial Wavelet Size(m) | 1200
Allow Disconnected Blocks. |False
Win Viaiid Interferograms % 65
Stop Before Unwrapping |False
Number ufPara\Ie\Unwrapping |2
Unwrapping Msthod Type |petaunay MCF
Unwrapping I_:'ecomunsiliqn Le'vgl | i
Unwrapping Coherence Threshold | 0.3
Refinement Radius (m) |225
Refinement Res Phase Poly Deares |3 <
(7] Store Batch Close

Exec

Figure 13 /nversion. First Step panel.
For this process, it was decided to use the automatic refinement and re -flattening: no GPCsare needed.

Considering that the area under analysis is almost flat and the interferograms are well flattened by the
reference DEM, it is possible to use t hehisietheriquaaifersa y
greater robustness around areas of | ow coherence
counterpart. Increase the coherence thresholds to 0.3, more suited for this high coherence area.

MCF
whi |l e

TIP During the second unwrapping performed in the First Inversion step it is possible to increase the
Unwrapping Decomposition Levelcompared to the first unwrapping (e.g., Level 2 could be afforded)
because the wrapped interferograms have been simplified (the estimated topographic residuals and the
displacement model have been removed) and therefore the risk of aliasing is lower. Increasing the
decomposition level could lead to improve the quality of the second unwrapping results as well as a
greater speedup of the process
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Output

Note : The following warning message will appear:

7 View Wamings - m} *
File

[WC : 70000][WRONG INPUT PARAMETERS]

Inage size too snall, automaticaly decrease the nunber of lewvels for the wawvelet
Flease see the Error Report for more details

[WC : 70000][WRONG INPOT PARAMETERS]
Inage size too =mall, automaticaly decrease the number of levels for the wawvelest

Please see the Error Report for more details |

Figure 14 Wavelet size warning message.

Note that it is just a warning message that notifies the user that the wavelet level is too high compared to
the size of the AOI, this level is then automatically adjusted by the software, so no actions are required from
the user (the wavelet filter is designed to remove the low frequency component of the topographic residual,
by keeping the low pass component of the reference DEM).

first_inversion folder
Directory containing the following products:

1 Due to the large number of output products meta (_meta) and series (.series) files are generated.
They enable to load at once all relevant output products .
The /i i nt e sub-folter With the tiff files of intermediate interferometric SBAS results.
The /i i n v e sub-foldenwith the products (first model) from SBAS inversion in slant range
geometry.

f
f

Generated meta and series files:

1 Fl_reflat_upha_meta, Fl_reflat_upha.serieswhich refers to the re-flattened upha.

1 Fl_reflat_fint_meta, Fl_reflat fint.serieswhich refers to the re-flattened filtered complex
interferograms.

1 Fl_model first meta, FI_model_first.serieswhich refers to the residual height and displacement
velocity (plus ancillary layers), obtained from the SVD inversion, in slant range geometry.

1 Fl_second fint meta, FI_second _fint.series which refers to all re-flattened filtered interferograms.
From these interferograms the estimated displacement model and the estimated residual topography
has been removed. Note that this same extension is used for the 1st level unwrapped products, which
are generated during the /nterferometric Process step.

1 Fl_second _upha_meta, FI_second_upha.series,which refers to all unwrapped phases. From these
unwrapped phases, the estimated model has been removed. Note that this same extension is used
for the 1st level unwrapped products, which are generated during the /nterferometric Process step.

The output results in the inversion folder consist of:

1 height related products which are:
0 FI/_H_correction, corresponding to the correction (in meters) with respect to the input Digital
Elevation Model.
0 F/_H precision, corresponding to the estimate in meters of the height average precision .
0 F/_srdem, corresponding to the corrected Digital Elevation Model in slant range geometry.
9 displacement related products which are:
0 F/ term_1, corresponding to the first -degree term of the inversion polynomial [mm/year].
0 F/_term_2, corresponding to the second-degree term of the inversion polynomial [mm/year ?].
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FI_term_3, corresponding to the third -degree term of the inversion polynomial [mm/year 3].
FI_velocity, corresponding to the average displacement velocity [mm/year].
FI_acceleration, corresponding to the average displacement acceleration [mm/year?].
Fl delta _acceleration, corresponding to the variation of the average displacement
acceleration [mm/year3].
FI_periodical modulation, corresponding to the periodic model modulation [mm].
FI_periodical delay, corresponding to the periodic model delay [days].
0 F/_V precision, corresponding to the estimate in millimeter/year of the velocity average
precision.
1 general products which are:
0 F/ _coherence, corresponding to the multi-temporal coherence. It shows how well the
displacement trend fits with the selected model.
0 F/_ RMSE radjs a measure of the inversion quality. It is the RMSE expressed in radians. The
higher this value the worse the fitting and inversion quality.
0 Fl_interf_perc, valid interferogram percentage.

O O oo

o O

The displacement values are reported with:
1 Positive sign if the movement corresponds to a decrease of the sensor-to-target slant range
distance.
1 Negative sign if the movement corresponds to an increase of the sensor-to-target slant range
distance.
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Figure 15 F/_model first_ meta products.

The average velocity, shown in Figure 16, is calculated in the following way: the displacement calculated over
the considered period over the temporal interval. If the model chosen by the user is of the first order, the
average velocity corresponds to the linear term K1. The mean acceleration and the change in mean
acceleration are calculated in the same way in case of quadratic or cubic models.
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Figure 16 Average velocity first estimate (v) [mm/year] left, residual height estimation (h) [m] right.

8. SBAS - Inversion: Second Step

The /nversion: Second Step aims to estimate the final displacement time series [m], from the stack of
unwrapped interferograms. The unwrapped interferograms are obtained from the previous SBAS step and
should no longer contain any residual topography component. The unwrapped interferograms are firstly
refined and re-flattened before being used as input to the SVD matrix inversion tool. The SVD inversion is
used to solve the system of equations that describe the stack of unwrapped interferograms obtaining the
displacements solution corresponding to each acquistion date. The displacement time series values are
referred to the oldest date which is the reference zero.

Date-by-date displacements are filtered to remove atmospheric phase components: the filter preserve s the
displacement model component found during the /nversion First Step. Once the SVD matrix inversion has
provided the Afirst estimated of the displacement
displacement model component, to preserve it during the Atmospheric Phase Screen (APS). The spatial LP and
temporal HP filters are applied to the displacement time series. The resulting LP-HP layers (one for each
acquisition) correspond to the contribution of atmospheric artifacts. These components can be checked using

the corresponding series file in the work folder. The software removes atmospheric artifacts from the "first
estimate" of the displacement time series, to obtain the final displacement time series. To increase the power

of the HP-LP filter: decrease the size of the LP window (meters) and increase the size of the HP window (days).

The final step is to derive the new displacement model as a regressionof the filtered time series.

The /nversion: Second Stepis performed running the /SARscape/interferometric Stacking/SBASAI Inversion
(Figure 17).

Input files
Insert the auxiliary.sm/and the refinement GCPs file.

As for the generation of GCPs for refinement and re-flattening, refer to the considerations previously made,
or simply use the same set of points previously generated.

TIP For this step it is possible to create a new set of GCPs to re-flat the unwrapped interferogram stack
generated in the previous /nversion: First Step.

Optional files

Refinement GCP file
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Enter a previously created Ground Control Point file (Load GCP File .xml) or use the interface to create a new
Ground Control Point file (Create GCP File, refer to the 'Tools>Generate Ground Control Point' for details).
This file is used for manual refinement. This file is optional and when it is not introduced, the software performs
the refinement and re -flattening in an automated way.

See Annex 5 for more detalils.

Principal Parameters

Rebuild All

By setting the flag the whole process is performed from scratch (if not incremental mode is active).

It is advisable to leave this flag unchecked in case of process interruption, so that the products already
generated have not to be computed and stored again.

Product Coherence Threshold
Pixels with coherence values smaller than this threshold will be set to dummy (NaN) in the final products.

Interpol Disconnected Block
By setting this flag to true the program provides the solution for disconnected coherent targets over the grid
point. The temporal gaps, where the displacement measurement does not exist or have been rejected, are
interpolated using the average trend estimated during the first invers ion. The disconnected SBAS provides a
higher spatial coverage of the solution, limited by the Min Valid Interferogram and Min Valid Acquisition
percentage thresholds.
The choices are the following:
1 False the temporal series with gaps are rejected.
1 Interpol using model:. the gaps are interpolated using the average trend estimated during the
Inversion: First Step.
91 Interpol starting from zero : the gaps are filled with zero. The temporal series start from zero at the
end of each gap.

Min Valid Interferograms (%)

Percentage of the minimum number of accepted SBAS inversion equations (interferograms over the coherence
threshold) for getting a result for each output grid point. This parameter is considered if it is equal or greater

than zero and should be used when the /nterpol Disconnected Blocksis flagged (or the Allow disconnected
Blocks has been previously flagged in the Connection Graphgeneration step or First Inversion Step). We

suggest a threshold higher than 50% to have enough valid measurements to correctly calculate the SVD
inversion.

Min Valid Acquisitions (%)

Percentage for the minimum number of valid acquisitions (covered by at least a certain amount of
valid interferogram over the coherence threshold) for getting an acceptable result, at each output grid point.
This parameter is considered if is equal or greater than zero and should be used when the /nterpol
Disconnected Blocksis flagged (or the Allow Disconnected Blockshas been previously flagged in the
Connection Graphgeneration step or First Inversion Step). We suggest a threshold higher than 80% to have
enough valid measurements to correctly calculate the SVD inversion.

Atmosphere Low Pass Size (m)
Enter the window size, in meters, to apply the spatial distribution related filter .

Atmosphere High Pass Size (days)
Enter the window size, in days, to apply the temporal distribution related filter .

Refinement Radius
Maximum buffer radius for the association of Ground Control Point with respect of the slant range unwrapped

phase closer valid pixel.

Refinement Residual Phase Polynomial Degree

Number of polynomial coefficients used to estimate the phase ramp, which will be removed from the input

unwrapped phase during the Re-flattening operation. In case this value is higher that the number of input
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Input Files  Optional Files  Parameters

Refinement GCP File

Ground Control Points, it will be automatically decreased. The default value of 3 means that a phase ramp in
range and azimuth direction plus a constant phase offset will be corrected. In case only the phase offset
correction is needed, the polynomial degree will be set to 1.

Store Batch

Exec Close

Input Files  Optional Files Parameters

Principal Parameters ~

%’Fabe
Product Coherence Threshold 0.3
Interpol Disconnected Blocks False
Win Valid Interferograms %. 65
Min Valid iti % 90

Atmosphere Low Pass Size (m) | 1600

Atmosphere High Pass Size (days) | 365

Refinement Radius (m) 225

Refinement Res Phase Poly Degree |1

Store Batch

Main Parameters.

Exec Close

Figure 17 /nversion: Second Step panel.

For this process, it was decided to use the automatic refinement and re -flattening: no GPCsare needed.

91 Due to the large number of output products meta (_meta) and series (.series) files are generated.
They enable to load at once all relevant output products:
1 Thedi nv e sub-folden with the products (second model) from SBAS inversion in slant range

geometry.

= =

29

The internal copy of the input refinement and re -flattening GCP (.xml).
The input refinement and re -flattening GCP converted in shape format in slant geometry (.shp).
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The input refinement and re -flattening GCP converted in shape format in geocoded geometry (.shp
and .kml).

Generated meta and series files:

il
il

S/ _model _meta, SI_model.series which refers to the residual height and displacement velocity (plus
ancillary layers), obtained from the time series polynomial regression, in slant range geometry.

S/ _disp first meta, S| _disp_first.series, which refers to the date by date displacements, measured in
slant range geometry, without atmospheric correction.

S/ _disp_meta, S|_disp.series, which refers to the date by date displacements, measured in slant range
geometry, after the atmospheric correction.

S/ _interf counter_meta, SI_interf counter.series, which refers to valid measure (interferograms with
coherence higher than the Product Coherence Threshold) counter for each acquisition.

S/ _only disp_upha meta, S| _only disp_upha.series,which refers to all unwrapped phases flattened
by the residual height estimated component

S/ _second reflat_upha _meta, S| _second reflat_upha.series which refers to all unwrapped phases
re-flattened for the second SVD inversion.

The output results in the inversion consist of:

il

1

displacement related products which are:

o S/ term_0, corresponding to the zero-degree term of the inversion polynomial [mm].

o S/ term 1, corresponding to the first-degree term of the inversion polynomial
[mm/year]. SI_term_2, corresponding to the second-degree term of the inversion polynomial
[mm/year?2].

S/_term_3, corresponding to the third -degree term of the inversion polynomial [mm/year3].
S/ _velocity, corresponding to the average displacement velocity [mm/year].

S/_acceleration, corresponding to the average displacement acceleration [mm/year2].

S/ delta_acceleration, corresponding to the variation of the average displacement
acceleration [mm/year3].

S/ _periodical _modulation, corresponding to the periodic model modulation [mm].

S/ _periodical _delay, correspondingto the periodic model delay [days].

o S/ disp_first_est, corresponding to the date specific displacement (in millimeters) measured
with respect to the first acquisition date, to which a null displacement is assigned, without
atmospheric correction.

o S/ disp, corresponding to the date specific displacement (in millimeters) measured with
respect to the first acquisition date, to which a null displacement is assigned, after the
atmospheric correction.

general products which are:

o0 S/ _coherence, corresponding to the multitemporal coherence. It shows how much the
displacement trend fits with the selected model.

0 S/ RMSE radwhich is a measure of the inversion quality. It is the RMSE expressed in radians.
The higher this value the worse the fitting and inversion quality.

o S/ _RMSE mm,which is a measure of the fitting quality. It is the RMSE expressed in
millimeters. The higher this value the worse the fitting and inversion quality.

o S/ _norm_L1, corresponding to the cumulated summation of the date-by-date absolute value
displacements (in millimeters).

o S/ interf counter, counter with the valid measure number for each acquisition.

o S/ image perc, valid acquisitions percentage (covered by at least one valid measure).

o S/ interf_perc, valid interferogram percentage.

O O oo

o O

The displacement values are reported with:

f
f

Positive sign if the movement corresponds to a decrease of the sensor-to-target slant range
distance.

Negative sign if the movement corresponds to an increase of the sensor-to-target slant range
distance.

30



sar

your information gateway

09 2500

@50 2100

Figure 18 Average velocity final estimate (v) [mm/year] upper left, root means square error [mm] and temporal
coherence. With he average amplitude image in background.

After the conclusion of the /nversion Second Step it is possible to analyze the meta file containing the principal
products: S/_model meta (see Figure 18), in addition to the time series before (S/_disp_first_meta) and after
(S/_disp_meta) the removal of the atmospheric contribution, using the dedicated tool 7ime series Analyzer
Raster.

TIP The analysis and the comparison betweenthe i f i r st etsnt senea dnd thenfidal time series,
could be useful to calibrate the intensity of the atmosphere filtering. This analysis is also useful to highlight
any anomalies on the spatial and temporal deformations that are not properly treated from the
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atmospheric filter. This could happen in case of strong wide and sudden events such as an earthquake (a
phenomenon which behavior is similar to that of the atmosphere, and therefore could be removed or
degraded by the APS filter).

Note: To proceed with the E-SBAS processing, it is sufficient to complete the SBAS processing chain up to the
Second Inversion step and loading the SBAS auxiliary file in the £-SBAS Connection graptool. However, if
the user wants to generate the final SBAS output, it is necessary to perform the last step: Geocoding.

9. SBAS - Geocoding

SBAS products arefirstly refined and re -flattened before proceeding to the geocoding. Geocoded products can
be displayed in two types of formats: Shape and/or Raster based on the flag selected in the parameters.

The Geocoding step is performed running the /SARscape/Interferometric Stacking/SBAS & ESBAS/5 -
Geocoding(Figure 5 Figure 19).

Input files

Insert the auxiliary.sml file.

Optional files

Refinement GCP file

See Annex 5 for more details.

Shape Mask File

DEM /Cartographic System

Insert the aw3d30 dem provided in the dataset.

Principal Parameters

Rebuild Al

Height Precision Threshold

Velocity Precision Threshold
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Upper threshold of the velocity measurement average precision values (refer to the Phase to Displacement
Conversiontool for more details). This must be provided in millimeter/year. This threshold is used together
with the Height Precision Thresholdand the Product Temporal Coherence Thresholdfor the masking process.

Product Temporal Coherence Threshold
Lower threshold of the temporal coherence measurement values. This threshold is used together with the
Height Precision Thresholdand the Velocity Precision Thresholdfor the masking process.

Water Mask (dB)

Value in dB used as threshold to retrieve a water body mask from the average intensity image. All the points
under this threshold will be removed from the output layers. Active if smaller than 0. We suggest to set a
value of -10 or smaller.

Make Geocoded Raster
By setting this flag the output raster file/s are generated.

Make Geocoded Shape
By setting this flag the output shape file/s are generated.

Shape Max Number of Points

If values other than -1 are entered, the output shape file is split in several parts (each marked by a progressive
numbering - _1; 2; etc.); each part of the shape contains a portion of the total number of points, which
corresponds to the value entered. It is suggested not to exceed 200000 points to avoid visualization problems.

Generate Shape Time Series
By setting this flag the output shape file/s, with the displacement temporal evolution, are generated.

Generate Shape Counter Series

By setting this flag the output shape file/s, with the valid interferogram counter for each acquisition date, are
generated. When the counter is zero, the correspondent acquisition date has been temporally interpolated.
Higher the counter higher is the reliability of the corresponding estimated displacement measure.

Vertical Displacement
By setting this flag the displacements and velocity products are projected on the vertical direction. Do not use
the reprojection if the real displacement direction is unknown.

Slope Displacement
By setting this flag the displacements and velocity products are projected on the vertical direction. Do not use
the reprojection if the real displacement direction is unknown .

Displacement Custom Direction

By setting this flag any vector can be specified, in terms of azimuth (Azimuth Angle, measured in degrees from
the North - clockwise direction) and inclination (Inclination Angle, measured in degrees from the horizontal
plane). The map showing the displacement values projected on the specified direction is generated among
the output products. Do not use the reprojection if the real displacement direction is unknown.

X Dimension (m)

The grid size of the output data in Easting (X) must be defined; the default unit of measure is meters.

Note that - for the Geographic projection - if values higher than 0.2 are entered they will be considered as
metric units and then automatically, and roughly, converted from meters to degrees; if values lower than 0.2

are entered they will be considered as degree and used as such without any conversion.

Y Dimension (m)
The grid size of the output data in Northing (Y) must be defined; the default unit of measure is meters.
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[®) seAS Geocoding - m] & e - [m]
SBAS Geocoding SBAS Geocoding
Input Files  Optional Files DEM/Cartographic System  Parameters Input Files  Optional Files  DEM/Cartographic System  Parameters
Auxiliary File R GCP File
| auxiiary.sml - ~
- = =
Shape Mask File
] Store Batch Exec Close: ] Store Batch Exec Close
[8) sBAS Geocading — m] P SBAS Geocoding - m| X
SBAS Geocoding SBAS Geocoding
Input Files  Optional Files DEM/Cartographic System  Parameters Input Files Optional Files  DEM/Cartographic System Parameters
DEM File
E aw3d30_dem - Principal Parameters ~
=
Wain Parameters |
D Rebuid A1 True -
AR PIEEL Height Precision Threshoid 10
_Ve\ucrty Precision Threshold |8
Product Temporal Coherence Threshold | 0.1
e Water s (GB). L
0.00 Make Geocoded Raster True
|Make Geocoded Shape [True
Shape Max Number of Points | 200000
| Sereseis e Tine etk e
Generate Shape Countsr Series |Faise
|Vertical Displacement jFﬂ lse
Slops Displacement False
O o Tl D e
Azimuth Anale o el
a Store Batch Exec Close (7] Store Batch Exec Close

Figure 19 Geocodingpanels.
For this process, it was decided to use the automatic refinement and re -flattening: no GPCsare needed.

To improve the masking of the geocoded products, it was decided to keep the Height Precision the Velocity
Precision, and the Product Temporal Coherencethresholds unchanged, and to act only on the Water Mask
threshold. After evaluating the backscatter values on the water drawing a transect profile (see Error! R
eference source notfound. ) onthe S/ _mean pwrover the water, it was decided to use 0.06 as backscatter
threshold to mask the water areas, which corresponds to -12dB (10*l0og0.06) .

Output

Geocodingfolder
Directory containing the following products:
91 Due to the large number of output products meta (_meta) and series (.series) files are generated.
They enable to load at once all relevant output products:
1 Th eas@d sfolder with the products in raster version.
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1 Th evecford sfolder with the products in shape version.

Generated meta and series files:

G _model geo _meta, which refers to the height and displacement velocity measurements (plus
ancillary layers) in the output cartographic projection.

G disp_first_ geo_meta, which refers to the date -by-date displacements, measured in the output
cartographic projection, without atmospheric correction.

G disp_geo _meta,which refers to the date -by-date displacements, after the atmospheric correction,
in the output cartographic projection.

G _interf _counter_geo_meta, which refers to valid measure counter for each acquisition.

f
f
f
il

The

out put r as foldr bogsistioh fi

M displacement related products which are:

(0]

G_FI _velocity_geo, corresponding to the first inversion mean displacement velocity
[mm/year]. This raster is the result when G _S/ velocity geois not present.

G _FI _acceleration_geo, corresponding to the first inversion mean displacement
acceleration [mm/ year?]. This raster is the result when G_S/ acceleration_geois not
present.

G _Fl delta_acceleration _geo, corresponding to the first inversion mean displacement
acceleration variation [mm/ year®. This raster is the result when

G_S/ _delta_acceleration_geadis not present.

G S/ velocity geo, corresponding to the second inversion mean displacement velocity
[mm/year].

G_S/ _acceleration_geo, corresponding to the second inversion mean displacement
acceleration [mm/ year?].

G S/ delta_acceleration_geo,corresponding to the second inversion mean displacement
acceleration variation [mm/ year 3].

G_S/ term_0 _geo, corresponding to the zero-degree term of the second inversion

polynomial [mm].

G S/ term_1 _geo, corresponding to the first-degree term of the second inversion
polynomial [mm/year].

G_S/ term 2 geo, corresponding to the second-degree term of the second inversion
polynomial [mm/year 2].

G S/ term_3 _geo, corresponding to the third -degree term of the second inversion
polynomial [mm/year 3].

G_FI_V precision_geo, corresponding to the velocity measurement average precision
[mm/year] (refer to the Phase to Displacement Conversiorfor more details).

G S/ DDDDDDD X disp_geocorresponding to the date specific displacement [mm]

measured with respect to the first acquisition date, to which a null displacement is

assigned. Where DDDDDDDD is the acquisition date and X the incremental date ID.

G S/ DDDDDDD X disp_first_gecgorresponding to the date specific displacement [mm]

measured with respect to the first acquisition date, to which a null displacement is

assigned, without atmospheric removal. Where DDDDDDDD is the acquisition date and X
the incremental date ID.

1 aeneral products which are:

(0]

G_FI_H correction_geo, corresponding to the first inversion correction [m] with respect
to the input Digital Elevation Model. This raster is the result when G_S/ H corretion _geo
is not present.

G _ S/ _H correction_geo, corresponding to the second inversion correction [m] with
respect to the input Digital Elevation Model.

G _FIl_H precision_geo,corresponding to the height measurement average precision [m]
(refer to the Phase to DisplacementConversion for more details).

G _FI_DEMcorresponding to the first inversion corrected Digital Elevation Model [m]. This
raster is the result when G_S/ DEMs not present.

G _S/ DEMcorresponding to the second inversion corrected Digital Elevation Model [m].
G S/ RMSE_mm_geowhich is a measure of the fitting quality geocoded. It is the RMSE
[mm]. The higher this value the worse the fitting and inversion quality.
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o G_S/ DDDDDDD X interf counter geo,corresponding to the valid measures counter
per each date.

o G_S/ interf perc_geo, valid interferogram percentage.

0 G_S/ image perc _geo, valid acquisitions percentage (covered by at least one valid
measure).

o G_S/ disc_counter_geo,disconnection counter (SBAS disconnected blocks disconnection
counter).

0 G _ALOS geoAzimuth Line of Sight. Positive angles are measured clockwise from the
North; negative angles are measured counterclockwise from the North.

0 G _/LOS geo,Incidence angle of the Line of Sight. The angle is measured between the
Line Of Sight and the vertical on the ellipsoid (flat earth).

The out put vee sgadergansistot
1 G vWadV_hHdH cCdC X.shwhere VAV is the precision velocity threshold, HdH the height precision
threshold, CdC the temporal coherence threshold and X the shape part id. Shapefile of the SBAS with
the associated files (.shx, .dbf and Google Earth .kml). If the number of points is larger th an the Shape
Max Nr of Points, several shapefiles are created.

E_S_pelecihy_g20
HEE W 1

£-80400 28000
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£-1L0O0 Lo 2540
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Figure 20 Geocoded final average displacement rate (G_S/ _velocity geg, Root Mean Square Error [mm]
(G_SI RMSE mm _geh  Coherence (G _S/ coherence gep and  average amplitude image
(G_FI_mean_pwr_geqd in background.

The analysis of the time series can be performed both on the displacement stack in raster format (using the
corresponding meta file) and on the generated shapes. The visualization tools are found in the General Tools
menu: 7ime Series Analyzer Rasterand Time Series Analyzer Vector respectively. The shapes provide the
product measures in point cloud format with a precise geolocation in 3D (i.e., at the maximum resolution
obtainable from the available multi -looked slant range geometry dataset), while the me ta raster provide a grid
of product measures regularized in 2D (at the sampling specified by the user with X Dimension (m) and Y
Dimension (m)), averaged and interpolated. See Annex2 and Annex 3 to have more details about the plot of
deformation time -series.

The analyses of the different output layers can help on understanding the deformation behavior of the study
area and its temporal evolution.

In particular, the mean velocity of deformation is helping on identifying unstable areas, but is not providing
information on the evolution of deformation, that is provided from each pixel time series. An additional
information can be retrieved from the RM SE, describing how the deformation model (in this case a linear
model) is able to fit the deformation behavior. Therefore, in case of high RMSE values, a certain divergence
from the deformation model can be identified.

Figure 21 show two exemplificative stable points characterized but a low and a high RMSE (1 and 6
respectively).

m
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@ Meta 3 (Band 1:G_S1_20150524_2_dsp_geo)
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Figure 21 Time-series of two stable points characterized by a low RMSE (blue curve) and high RMSE (green
curve). The collapsed area is highlighted on the map while the collapse time is highlighted in the displacement
time series.
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9. E-SBAS i Connection Graph

Imported focused Digital Elevation SBAS workflow
image stack Model (DEM)

2. Interferometric 3. Inversion

Process 4 umg (first step) g g
(1) se

1. Connection Graph

_——— e ——

Y
5. Inversion
(second step)

6. Geocoding

— (Optional)
." .‘ = current cluster-ready steps S - - - -

E-SBAS workflow
1. Connection 2. Interferometric
Graph Workflow o
4. Geocoding 3. Inversion
e2e
(]

This functionality defines the SAR pair combination (Reference and Secondary imageg and connection
network, which is used for the generation of the multiple differential interferograms. This step is mandatory.

The pairs are shown as connections in a network that links each acquisition to the Master file. Given N
acquisitions, the maximum theoretical available connections are N-1. For each pair, an interferogram is
generated in the Interferometric Process.

Note s:

1 This tool requires the auxiliary file from the SBAS processing, which needs to be computed up to the
second inversion step.

1 The E-SBAS processing does not apply any coherence threshold to discard pixels from the final output
of each processing step. The processing mask is retrieved from the SBAS processing previously
performed.

The Connection Graphis performed running the /SARscape/Interferometric Stacking/SBAS & E
SBAS/1- Connection Graphpanel (see Figure 5).

Input files
Auxiliary SBAS File
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Optional file

Leave the Input Master file empty (this file is automatically chosen by SARscape).

(&) E-5BAS Connection Graph - a X [&] E-SBAS Connection Graph = ] X

E-SBAS Connection Graph E-SBAS Connection Graph

Input Files  Qutput Files Input Files  Output Files

Auxiliary Sbas File Qutput Root Name
I auwsiliary.sml = ‘ | Cadia_45D_futorial ~
(=] Store Batch Exec Close (7] Store Batch Exec Close
Figure 22 Connection Graphpanels.
Output Files

Choosethe location of the processing folder and an Output Root hame.

The Output Root Name is used to create the processing folder. The folder name is given by the following
c o mp o s iOutpubRoot Na meBESBAS processing

Once the E-SBAS Connection Graph process is completed, a report and two graphs are displayed Figure 6).
The graphs are:

1 7ime-Position plot, which provides the relative normal distance between the acquisition s in meters (y
axis), and the input acquisition dates (x axis). The Time-Position plot allows users to visually
understand if the graph is fully connected and matches with required redundancy criteria. The higher
the connection the most reliable displacement estimates.

TIP The theoretical minimum average number of connections per acquisition is 5; we suggest an ideal

configuration of 10 connections per acquisition. Obviously, as you increase the number of connections,

the computational time is increasing.

1 Time-Baseline plot which provides the normal baseline in meters (y axis) and the input acquisition
dates (x axis). This graph shows the interferogram coverage for each date.

Each acquisition is represented by a diamond. The color of the diamond symbol is as follows:
1 Red: discarded acquisitions due to user specific constraints.
1 Green: valid acquisitions.
1 Yellow: Super-Master acquisition. The SuperMaster is the reference image of the whole processing,
and all the processed slant range pairs are co-registered and overlayed to this reference geometry.

TIP The graphs can be reloaded at any processing step from /SARscape/Interferometric Stacking/Stacking
Tools/Plot Viewerpanel by adding the auxiliary file.
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Figure 23 Plots generated by the Connection Graphtool.

In addition to the plots, the multi -looked Super-Master image (suffix, "_pwr") is also generated and displayed
in ENVI (Figure 7). The multi-looked factor is automatically computed based on the grid size specified for the
sensor once the Preferences specificare set.

] Toobax "l

7SR acapn rimtecmene: Sackng SBAS § ESBAG/2 |

1208 152305756, 1W_SIWLD_W 1

Xkl

Figure 24 Multi-looked Super Master image.

The Connection Graphstep generates the auxiliary.sm/file, the connection graph folder results, and the work
folder.

The auxiliary file is the principal file that guide users in the SBAS processing, all the mandatory SBAS steps
are based on the auxiliary file (see Annex 1).

The Connection graph folder includes:

1 CG report.txt which summarizes the graph pairs characteristic, such as the total number of
interferograms that shall be generated by the /nterferometric Process step and involved in the
following steps.

91 plot sub-folder, which is used to store the files ( CG_baseline.txtand CG_position.tx) necessary for
the visualization of the graphs in ENVI.
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The work folder includes sub-folders. The subfolders are created in the work folder once each step of the
SBAS processing chain is run, and their name isautomatically given by the step name.

It is worth to mention that the parameters.smlfile is also created in the work folder. In this file all the set
parameters used in that processing are recorded.

9. E-SBAS T Interferometric Process

The Interferometric Process step includes the following processing steps:

1 Coregistration
1 Differential interferogram generation

The interferometry step generates a set of N-1 interferograms in full resolution, no multilooking or filtering is
applied.

The E-SBASInterferometric Process is performed running the /SARscape/Interferometric Stacking/SBAS & E
SBAS/ESBAS/2- Interferometric Process (Figure 8).

Input files

Insert the auxiliary.sml file.

Optional file

Leave the Geometry GCP file empty.

The GCP file is used to correct the master image in case of orbit inaccuracy (i.e. Master acquisition of the
interferometric stack) based on the elevation value specified onto the Digital Elevation Model.

DEM/Cartographic System

Insert the aw3d30m_dem provided in the dataset.
Parameters

Leave the default parameters.

1 Generate Dint Multilooked for Quick View

1 Rebuild all

1 Atmosphere External Sensors

1 Coregistration with DEM
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Figure 25 Interferometric Process panels.

Output
The interferogram_stacking folder includes:

1 Meta files allowing to load the specific processing results (_meta)

o slant_dint_meta, which refers to all flattened interferograms

o slant_pwr_meta, which refers to all slant range intensity images
9 IS_srdem: the synthetic DEM.

Note: The following files are going to be stored in this folder but they are going to be derived in the
following step, the first inversion step:

1 mean : SAR Intensity average raster file and associated header files (.sml, .hdr).

1 mu_sigma :amplitude dispersion index (generated in inversion first step).

After the interferometric step, it is very important to check the first results, in particular if the coregistration
step has worked well and therefore all slc data have been coregistered. The single _dint files are also stored
inside the following folder: ProjectName ESBAS processinigvork|work _interferogram_stacking.
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10. E-SBAS T Inversion

This is the inversion step, which uses the SBAS products coming from the second SBAS inversion to initialize
the E-SBAS inversion to estimate the atmospheric phase components.

The model inversion is implemented to derive the date by date displacements, after removing the low pass
component coming from the SBAS, the atmospheric phase part of the signal and eventually fit the high pass
displacement and velocity components.

The re-flattened interferograms are used to estimate the displacement related information (i.e. velocity,
residual heights and date specific displacements).

The E-SBAS processing, is capable to estimate linear andnon-linear displacement trends, applied for both DS
and PS pixels.

Once the date by date displacement measurements (known as high pass components) are carried out, the
algorithm performs the estimate of the atmospheric effects. First, the displacement model previously estimated
is subtracted date by date, from the interferograms measurements (_dint files). Then the atmospheric

correction is performed through the application of an Atmosphere Low Pass filter, this accounts for the spatial
distribution of the atmospheric variations. It is implemented by using a square window: large windows are
more suitable to correct large scale variations, while small windows are better to correct isolated artifacts due

to localized variations. The smaller is the window size, stronger will be the filter effect.

1 Atmosphere High Pass, this accounts for the temporal distribution of the atmospheric variations. It is
implemented by using a temporal window: large windows are more suitable to correct effects with
low temporal variability, while small windows are better to correct freq uent atmospheric variations.
The bigger is the window size, stronger will be the filter effect.

The displacement values are reported with:

1 Positive sign if the movement corresponds to a decrease of the sensor-to-target slant range distance.
1 Negative sign if the movement corresponds to an increase of the sensor-to-target slant range distance.

It is worthwhile to mention that the re -flattening, which is performed on the displacement products, does not
foresee the orbital refinement; it means than only a ramp (using minimum three GCPs) or a constant term
(using minimum one GCP) can be removed.

Input files

Insert the auxiliary.sml file.

Parameters

Leave the default parameters.

Atmosphere Low Pass Size

Atmosphere High Pass Size

Rebuild All
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Figure 26 Inversion Step panels for input and parameters.
Output

The inversion folder includes:

1 Height, corresponding to the correction (in meters) with respect to the input Digital Elevation Model,
after atmospheric correction.

9 Precision _height , corresponding to the estimate in meters of the residual height measurement
average precision (refer to the Phase to Height conversion for more details).

1 Velocity , corresponding to the mean displacement velocity (in mm/year, after atmospheric correction.

1 precision_vel , corresponding to the estimate in millimeter/year of the velocity measurement average
precision (refer to the Phase to Displacement conversion for more details).

1 cc, coherence corresponding to the combination of the coherence layers obtained with the PS and
SBAS processingmethod.

Meta files allowing to load the specific processing results (_meta).

1 slant_atm_meta , which refers to date by date atmospheric related components in slant range
geometry. This meta file can be found in the working folder.

1 slant_dint_reflat_meta , Which refers to the date by date flattened interferograms, measured in
slant range geometry, after the atmospheric correction.

1 slant_disp_meta , which refers to the date by date displacements, measured in slant range
geometry, after the atmospheric correctio n.

Load the Velocity and the cc layers and apply the Rainbow color table to the Velocity layer. The mask is
retrieved from the SBAS processing, as no thresholds are applied during the E-SBAS processing chain tadiscard
pixels.
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Coherence

Figure 27 Velocity and coherence layers generated during the Inversion step. The dark areas visible in the
coherence layer correspond to low coherence areas, while the brighter ones correspond to areas with higher
values of coherence.

The reference layers used to compute the E-SBAS coherence are saved at the following path:
ProjectName _tutorial ESBAS_processintyork/work_inversion and corresponds to the following files:

1 cc_hp: Coherence High Pass, which corresponds to the coherence obtained with the PSapproach.
1 cc_/p: Coherence Low Pass, which corresponds to the coherence obtained with the SBAS approach.

Geocoding

The E-SBASproducts are geocoded and the displacements can be displayed in two kind of format: Shape
and/or Raster according to the flag selected in the parameters.

Input files

Insert the auxiliary.sml file.
Optional Files

Refinement GCP File

Leave the default parameters.

TIP In order to obtain more accurate displacement measurements, one or more Ground Control
Points (e.g. coming from GPS or other ground measurements) - "Refinement GCP file" - can be
entered as input to the processing. This information is used to optimize the displacement trend
assessment . In case only one GCP is selected, the correction will consist of a mean velocity constant
offset, which does not have any spatial variation. If more GCPs are selected, the correction consists
of the best fitting calculate d from all GCPs.

The Ground Control Points must be provided in cartographic coordinates. This adjustment is not mandatory.
DEM /Cartographic System

Insert the aw3d30m_dem provided in the input dataset.

Parameters

1 PSCoherence Threshold

1 PS Coherence Threshold
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Pixels with coherence values smaller than this threshold will be considered as DS, pixels with
coherence values higher than this threshold will be classified as PS.

Generate KML

By setting this flag the Google Earth .kml of the resulting ESBAS is/are created. and the
Upper/Lower limit of KML scaling parameters are activated

Upper Limit KML Scaling

The maximum expected displacement rate (integer value of the velocity in mm/year) is set (This
field is only active if the Generate KML flag is set to True).

Lower Limit KML Scaling

The minimum expected displacement rate (integer value of the velocity in mm/year) is set (This field
is only active if the Generate KML flag is set to True).

Make Geocoded Raster

By setting this flag the output raster file/s are generated.

Set it to True.

Make Geocoded Shape

By setting this flag the output shape file/s are generated.

Make Slant Shape

By setting this flag the slant range products are generated in vector format. By default, this option is
set to false.

Note: the output shape will be created inside the inversion folder.

Rebuild All

This flag refers to all E-SBAS process. By setting the flag the whole process is performed from scratch
(if not incremental mode is active). It is advisable to leave this flag unchecked in case of process
interruption, so that the products already generate d have not to be computed and stored again.
Geoid Type

EGM96

Earth Gravitational Model 96.

EGM2008

Earth Gravitational Model 2008.

Refinement Radius (m)

Maximum buffer radius for the association of Ground Control Point with respect of the slant range
unwrapped phase closer valid pixel.

Refinement Residual Phase Poly Degree

Degree of the polynomial used to estimate the phase ramp, which will be removed from the input
unwrapped phase during the Re-flattening operation. In case this value is higher that the number of

input Ground Control Points, it will be automatically decreased. The default values of 3 means that a
phase ramp in range and azimuth direction plus a constant phase offset will be corrected. In case only
the phase offset correction is needed, the polynomial degree will be setto 1.

Veertical Displacement

By setting this flag the displacements and velocity products are projected on the vertical direction. Do
not use the reprojection if the real displacement direction is unknown.

Slope Displacement

By setting this flag the displacements and velocity products are projected along the maximum slope.
Do not use the reprojection if the real displacement direction is unknown or when the reference DEM
resolution is poor with respect to the process results.

Displacement Custom Direction

By setting this flag any vector can be specified, in terms of azimuth (Azimuth Angle, measured in
degrees from the North - clockwise direction) and inclination (Inclination Angle, measured in degrees
from the horizontal plane). The map showing the displace ment values projected on the specified
direction is generated among the output products. Do not use the reprojection if the real displacement

direction is unknown.
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1 Azimuth Angle
Custom Direction Azimuth Angle measured in degrees from the North - clockwise direction.

1 Inclination Angle
Custom Direction Inclination Angle measured in degrees from the horizontal plane.

1 X Dimension (m)
The grid size of the output data in Easting (X) must be defined; the default unit of measure is meters.
Note that - for the Geographic projection - if values higher than 0.2 are entered they will be considered
as metric units and then automatically, and roughly, converted from meters to degrees; if values lower
than 0.2 are entered they will be considered as degree and used as such without any conversion.

1 Y Dimension (m)
The grid size of the output data in Northing (Y) must be defined; the default unit of measure is meters.
Note that - for the Geographic projection - if values higher than 0.2 are entered they will be considered
as metric units and then automatically, and roughly, converted from meters to degrees; if values lower
than 0.2 are entered they will be considered as degree and used as such without any conversion.

E-SBAS Geocoding S u] % E-SBAS Geocoding — o X

E-SBAS Geocoding E-SBAS Geocoding ..

Input Files  Optional Files  DEM/Cartographic System  Parameters Input Files  Optional Files  DEM/Cartographic System  Parameters
Auxilary File Refinement GCP File

=== o | o

@ StoreBatch || Eec || Coe @ @ StoreBatch || Eec || Close
E-SBAS Geocoding s o % ]
J E-SBAS Geecoding = o X
E-SBAS Geocodin
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DEM/Cart hic 5)
it bl Bptrgal s artographic: System | Parameters Input Files  Optional Fles  DEM/Cartographic System Parameters
DEM File
Wl ‘@, #
Main Parameters.
Output Projection: Product Temporal Coherence Threshold | 0.75 ~
Generate KHL Faise
= B Upper Limit KML scaling 10
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WGS 1984 E Lower Limit KML scaling I
Wake Geocoded Shape True B
Reference Height | 0.00 Make Geocoded Raster True _._l
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Rebuild All True
‘Geoid Type EGM36
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Refinement Res Phase Poly Degree 3_ e
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Slope D False
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() [SoreBach || Bec || Coe | @ SwocBach | EBec || Cosc

Figure 28 E-SBASGeocoding panels.

Output
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The geocoding folder includes:

1 .shp: Shapefile of the PSs with the associated files (.shx, .dbf and Google Earth .kml). If the number
of points is larger than the "Shape Max Nr of Points" defined in the Persistent Scatterers Parameters
several shapefiles are created. The file name is created as follows: * PS DS XX_Y.shp where XX is
the decimal part of "Product Coherence Threshold" (0.XX), Y is an incremental number in case of more
than one shapefile and * is the output root name chosen in the connection graph step.

Field description of the generated shape file:

o velocity: mean velocity of the displacement for each pixel [mm/y]

0 coherence: multitemporal coherence, it is a quality index for the best fitting of interferometric
phase date by date

o MuSigma: it is a quality index, it is the mean/standard deviation ratio, where mean
corresponds to a temporal mean

0 Scatterer: it defines if a pointis a PS or a DS

0 Hprecision: estimate of the height measurement average precision [m]. It is computed
considering the acquisition spatial baseline, considering the multitemporal coherence

0 Vprecision: estimate of the velocity measurement average precision [mm/year]. It is
computed considering the acquisition temporal baseline considering the multitemporal
coherence

0 Range: pixel coordinate

o0 Azimuth: pixel coordinate

0 SubArea ID: ID of the SubArea

o lon/lat: geographic coordinates

0 Xpos/zpos: cartographic coordinates based on the DEM reference system

0 zpos: corrected elevation (ellipsoid elevation), DEM reference heigth + Hcorrection

0 Z: corrected geoid height, zpos - Hgeoid

0 ALOS: Line of Sight Incidence angle on azimuth direction

o ILOS: Line of Sight Incidence angle on vertical direction

0 Hcorrectio: correction with respect to the input Digital Elevation Model [m]

o D_date: displacement acquisition date in millimeters.

1 ESBAS_disp_geo XX meta
This meta file is created if "Make Geocoded Raster" is selected. It contains three file called
* ESBAS_XX_cc_geo, * ESBAS_XX_vel_geo, * ESBAS_XX_height_geo (for coherence, velocity and
height residuals). * is the output root name chosen in the connection g raph step, while XX is the
decimal part of "Product Coherence Threshold" (0.XX). In the meta file the ESBAS_ALOS and
ESBAS _ILOS are also included. * IDdate_XX_disp_geo files, which are the displacement for single
dates, are also include; the IDdate identif ies each single date image.

1 mean_geo: SAR Intensity average image and associated header files (.sml, .hdr).

1 Ref GCP_geo, shape file corresponding to the Reference Points of the highest MuSigma values (i.e.
those used for the phase offset removal) automatically selected during the step 1

The other raster geocoded files (_vel_geo, _height geo, _cc_geo et...) are saved under the path
_ESBAS_processingvork\work _geocoding.
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A plot, showing the extracted displacement information for a selected PS/DS, can be created using the
/ISARscape/General Tools/Time Series AnalyzeWector (in case the Make GeocodedVector was selected in the
Geocoding Step) or /SARscape/General Tools/Time Series Analyzer/Raster Analyzer (in case the Make

Geocoded Raster was selected in the Geocoding Step).

TIP The optimal output to be analyzed is the shape file, since it allows exploiting the resolution

obtained with the exploitation of PS points. The raster interpolates values and this implies that the

resolution of PS points would be lost.

To analyze the displacement time series of a specified PSDS, load all the .sApresults as well as the mean_geo

image in ENVI.

Once a .shpis selected in the layer manager, the right click allows to set it as the active layer to display the

time series; the Time Series Analyzer/Vector tool can be run.

The data range has to be set in the panel, the Color Apply button allows displaying the data range on the
ect €otTimeSeiie® k i anoi der

PSDS shapefile. Once the desired PSDS i s

sel

the displacement temporal evolution.

Note s:

to

open

1 clicking with the secondary mouse button on a different .s/p file in the Layer Manager and selecting
fiSet as active /ayer” allows to change the active layer. This can be done even leaving the SAR 7S
Vector Analyzerwindow open.

1 depending on the video card, the use of a remote desktop connection does not allow showing different

colors on the shapefile. To remedy this limitation, please connect directly at the remote location and

reboot the machine or copy the results on a local computer.

TIP In case multiple shp files are created, choose the velocity interval for all the different shapefil es.
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Figure 29 Time Series Panel.
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Results

The results of the E-SBASprocessing in the Cadia area can be seen in Figure 30. The figure shows as the
results are characterized by a widespread stable behavior (green areas). However, blue areas highlight a
significant subsidence, mainly affecting the south-west TSF embankment.

The visualization color stretch in the area ranges between -30 mm (blue) and + 30 mm (red).

The point on the TSF embankment shows a cumulative displacement of around 100 mm. The time series
ijumpd visible in the final part of the TS is Iikely d

Note that a strong acceleration has been detected starting from December 2017, three months prior the
collapse of a part of the TSF embankment.

== Import v |yl Export v 43 Options ~

{mm]

JUN 26 JAN 12 JuL 30 FEB 15 SEP 3
Time

o x: Tme v |y.|DataVale v| 7 o

Figure 30 E-SBAS Velocityvector map and Time series plot of the two selected points.

A comparison between the E-SBASand the SBASresults obtained with the same data stack is shown in Figure
18. The comparison highlights the increase of the detail level in contouring the displacement areas reached
with the E-SBAS technique. This behavior is visible in the blueish moving area located north of the velocity
map. This is due to the capability of the E -SBAS technique in including in the final result the PS points too.

50



sar

your information gateway

SBAS
G_v8d0_h10d0_c0d1_0.shp

E-SBAS ™

CADIA_45D_tutorial_PS_DS_75_0.shp . .

Figure 31 E-SBAS- SBASvector velocity maps comparison.

The information regarding the number of PS and DS points is contained in the output shape file generated
under the path ProjectName_ESBAS_processiriggeocoding, 7508 PS and 22470 DS points have been
retrieved. In Figure 32 PS points are represented in Red, while DS points are represented in blue.

The E-SBAS processing chain generated a total number of 29978 points (considering both PS and DS), while
with the SBAS processing a total number of 27829 DS points have been retrieved.
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Figure 32 Shape file generated after the geocoding step. PS points are represented in Red, while DS points
are represented in blue.

SBAS shp file E-SBASshp file

Figure 33 SBAS vs ESBAS: Shapefile ComparisonDS points are spatially interpolated, which is why the
points are represented in a regular grid in the SBAS shapefile. In contrast, the E-SBAS output contains both
PS and DS points. PS points are not spatially interpolated, preserving the PS spatial resolution.

NOTE: The results can be further improved by processing a larger AOI and selecting a Refinement
GCP located in correspondence of a stable point far from the collapsed area . In this tutorial, a
relatively small ~ AOI was used to minimize processing time and facilitate workflow completion.
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