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Highlights

What are the main findings?

• Python-based automated InSAR workflow to generate PS and SBAS interferograms
for time-series analysis using LiCSBAS and StaMPS;

• Demonstration of the proposed workflow in three different study areas based on study
area position in Sentinel frame footprints.

What are the implications of the main findings?

• PS and SBAS interferometric stacks can be generated using a single workflow in major
operating systems, widening accessibility and reducing the learning curve;

• This workflow supports reproducible MT-InSAR preprocessing for surface deforma-
tion studies and geohazard monitoring.

Abstract

Interferometric Synthetic Aperture Radar (InSAR) is a satellite–based remote sensing
technique capable of measuring surface displacement. However, InSAR measurements
can be affected by temporal decorrelation, baseline geometry, and surface characteristics.
Persistent scatterer (PS) and small baseline subset (SBAS) are two widely used multi-
temporal InSAR techniques for addressing these limitations. Processing SAR acquisitions
to derive deformation maps and displacement time series requires a series of complex steps.
Many existing open-source and commercial software packages support PS or SBAS, while
some support both methods, each with its own challenges and limitations. In this study, we
presnet SNAPxtra, a Python-based InSAR automatic workflow to generate PS and SBAS
interferometric stacks. These can be exported in the format required for time-series analysis
in LiCSBAS and StaMPS. SNAPxtra has automated master selection, multi-swath and
multi-frame processing, polygon-based masking, trial processing, and network generation
features within an integrated workflow. The reproducibility and adaptability of SNAPxtra
are demonstrated through case studies in Quetta (Pakistan), Surat (India), and Fort Worth
(USA) as case studies using both PS and SBAS methods.

Keywords: InSAR; PS; SBAS; LiCSBAS; StaMPS; time-seriesanalysis; deformation

1. Introduction
Interferometric Synthetic Aperture Radar (InSAR) has proven to be an effective space-

geodetic technique for monitoring and quantifying surface deformation due to natural and
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anthropogenic causes. This technique has been widely used to study various geohazards,
such as subsidence [1–4], landslides [5], and volcanic deformation [6], as well as to monitor
the stability of human-built infrastructures [7–9]. These applications improve our under-
standing of geophysical processes, help to mitigate future risks, prevent economic losses,
and enhance the resilience and lifespan of critical infrastructure. Sentinel-1 SAR mission
launched in 2014 and 2016 as part of the European Space Agency’s (ESA) Copernicus
Program provides free public access to large archives of SAR images worldwide. Sentinel
radar sensors use C-band frequency and have a revist time of 6-12 days, providing im-
proved temporal resolution compared to previous SAR missions [10]. Its systematic global
coverage, interferometric wide (IW) swath acquisition mode for extensive area coverage,
and dual-polarization capability have significantly advanced the monitoring of surface
deformation. The availability of freely accessible SAR datasets has facilitated the develop-
ment of numerous open-source and commercial InSAR software packages, enabling more
accurate and continuous monitoring of surface deformation using Sentinel acquisitions.

The early adopted InSAR method was the differential synthetic aperture radar (DIn-
SAR) technique, which subtracts the phase of two SAR data acquisitions at different times
over the same study area [11,12]. DInSAR is highly effective for detecting rapid defor-
mation associated with geohazards such as earthquakes and fault movements. Despite
its advantages, DInSAR measurements can be affected by temporal and spatial decorrela-
tion, orbital inaccuracies, and atmospheric noise [13]. Multi-temporal InSAR (MT-InSAR)
extends conventional DInSAR by analyzing multiple SAR acquisitions to reduce noise,
improve deformation estimates, and investigate long-term ground deformation. The two
widely used MT-InSAR approaches are persistent scatterer interferometry (PSI) [14] and
small baseline subset (SBAS) [15] for monitoring various geohazards.

PS is a single-master interferometric approach in which all SAR acquisitions are co-
registered to common reference images to mitigate noise and enhance target coherence.
SBAS utilizes a master–slave pairs network prepared with small perpendicular and tempo-
ral baselines to reduce decorrelation and increase signals by averaging distributed scatterers.
Multilook reduces inherent speckle and improves phase estimates in low-coherence areas
in pixels, which are preferred by the SBAS method, which measures average values over a
pre-defined resampled grid of each pixel [16]. PS-InSAR is particularly suitable for urban
built-up areas where artificial structures act as distinctive stable scatterers [17]. SBAS is
broadly applied for large-scale deformation monitoring in areas characterized by rough
terrain, dense vegetation, and a limited number of persistent radar targets. It utilizes a
network of interferometric pairs with relatively short temporal and perpendicular baselines
to minimize temporal and geometric decorrelation. SBAS interferograms are generally
multilooked to reduce random phase noise and improve the signal-to-noise ratio (SNR)
through spatial averaging of neighboring pixels, making the technique suitable for areas
with limited persistent scatterers and slow linear and nonlinear deformation over time in
low-coherence areas [18].

Several open-source and commercial InSAR software packages, such as GMTSAR [19],
GAMMA [20], ENVI SARscape [21], SARPROZ [22] and ISCE, are available for interfero-
metric processing and multi-temporal InSAR (MT-InSAR) analysis. Many of these packages
provide comprehensive workflows covering interferogram generation and time-series anal-
ysis as an end-to-end processing solution. However, some InSAR software packages, such
as StaMPS [23], MintPy [24], and PyRate [25], require externally prepared interferograms
for deformation velocity estimation and time-series analysis. These software packages offer
various processing algorithms, noise mitigation techniques, and computational capabili-
ties, depending on their design and intended applications. Although many open-source
packages have well-established documentation and active user communities, their instal-
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lation, configuration, and operation can still be challenging without sufficient familiarity
with various programming languages and software dependencies. The installation and
configuration may vary among packages and operating systems. LiCSBAS [26] is a freely
available, Python-based time-series analysis package that is relatively easy to install and
operate. LiCSBAS is designed to process LiCSAR products, which consist of preprocessed
unwrapped interferograms generated using GAMMA, and is made freely available through
the COMET–LiCS web portal [27]. The LiCSBAS masking procedure evaluates nine noise
indices, enabling users to inspect their effects on the results, as shown in Figure 1. Users
can adjust the corresponding masking thresholds to retain or exclude noisy pixels, poten-
tially improving the reliability of deformation measurements. However, the availability of
LiCSAR products is geographically limited to the Himalayan belt and major volcanic areas,
and they lack complete global coverage [28]. LiCSAR products are also already multilooked
to a geographic pixel spacing of approximately 0.001◦, whereas native or alternative spatial
resolutions may be required for certain applications.

Figure 1. Effects of noise-based pixel masking on the estimated velocity. Values in parentheses in the
panel titles indicate the masking thresholds. The panels help users to assess how individual noise
indices affect pixel retention and select appropriate thresholds. Detailed descriptions of the indices
are provided in [29].

The Sentinel Application Platform (SNAP) [30], developed by the European Space
Agency (ESA), is a freely available remote sensing software package with a graphical
user interface (GUI) compatible with Windows, macOS, and Linux. Earlier versions of
SNAP supported interferogram export for PS analysis using StaMPS, while SBAS in-
terferogram generation through the MultiReference InSAR operator was introduced in
SNAP version 9.0. Currently, SNAP supports the preparation of SBAS interferograms
for analysis using PyRate (https://step.esa.int/docs/tutorials/Pyrate_Tutorial_GPF.pdf,
accessed on 28 October 2026) but documentation and online resources remain relatively
limited. Processing large SAR datasets through repetitive GUI operations can be time-
consuming, particularly for long-term deformation monitoring involving numerous ac-
quisitions. SNAP simplifies complex processes InSAR, by using its Graph Processing
Tool (GPT) to automate repetitive tasks through predefined, linear workflow pipelines.
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Several workflows have been developed to facilitate automated interferogram genera-
tion using SNAP GPT. SNAP2StaMPS is a Python-based workflow that automates the
preparation of interferometric stacks for subsequent PS time-series analysis using StaMPS
https://github.com/mdelgadoblasco/snap2stamps (accessed on 15 October 2026). Simi-
larly, SNAPWF provides an automated workflow for generating interferometric stacks for
both PS and SBAS applications using SNAP operators within a preconfigured geospatial
computing environment (GCP) [31]. SNAPWF is also distributed as a publicly accessi-
ble Jupyter notebook (.ipynb) that can be opened in compatible notebook environments.
SNAPWF processes full swaths separately, performing co-registration and enhanced spec-
tral diversity (ESD) correction before merging them. This approach is suitable for large-scale
deformation monitoring; however, spatial subsetting before co-registration and subsequent
processing steps can reduce computational time and storage requirements, thereby opti-
mizing resource utilization. Many study areas may overlap multiple SAR frames or extend
across different swaths, requiring appropriate data preparation before InSAR processing.
Existing InSAR workflows often require prior knowledge of SAR acquisition geometry and
coverage, which may involve the manual inspection and preparation of raw data before
initiating processing. StaMPS is a widely used time-series analysis package supported by
several freely available interferogram generation tools. However, it requires MATLAB,
proprietary software that requires a license, potentially limiting its accessibility. LiCSBAS
is a freely available time-series analysis package gaining popularity within the InSAR
community since 2020 (Figure 2). However, LiCSBAS is not listed as the export option in
many TS-InSAR softwares, while MintPy and StaMPS are preferred by existing softwares.
Many commonly used InSAR software packages process entire datasets and may require
restarting the processing workflow from the initial steps if any error is encountered or the
results are unsatisfactory. For computationally intensive workflows, conducting a trial run
using a small subset of the dataset before processing the entire dataset is a practical ap-
proach to evaluating the results and identifying potential issues. However, many common
and popular InSAR software packages lack dedicated trial-run features, which could help
to reduce computational time and resources.

Figure 2. Annual citations to the selected StaMPS and LiCSBAS publications, retrieved from Google
Scholar [accessed on 20 October 2026]. The 2026 values cover only the period up to that date.

We present SNAPxtra, a Python-based workflow to automate Sentinel-1 InSAR Pro-
cessing. SNAP is freely available on Windows, macOS, and Linux. Python’s cross-platform
compatibility enables SNAPxtra to generate interferometric stacks across these operating
systems. SNAPxtra has an option to export interferometric stacks to be analyzed in StaMPS
and LiCSBAS for time-series analysis and velocity estimation. StaMPS and LiCSBAS TS-
InSAR softwares can operate on systems that also support SNAP. Hence, the complete
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InSAR workflow, from raw Sentinel-1 acquisitions to final deformation maps, can, therefore,
be performed within a single operating system with the required dependencies installed.
The MultiReference InSAR operator in SNAP may encounter memory-related issues during
SBAS processing when a single co-registered stack is installed. Single-look complex (SLC)
acquisitions are used without applying the split stack into the multiple references step.
In contrast, PS processing requires interferometric pairs sharing a common master image,
making this splitting approach less suitable. An alternative is to co-register each slave SLC
image separately with the master before applying the interferogram operator, increasing
computational time and reducing processing efficiency. SNAPxtra reduces the risk of out-
of-memory (OOM) errors associated with generating numerous interferometric pairs by
processing smaller batches sequentially. This approach optimizes computational resource
utilization and improves accessibility for users with moderate computing resources while
supporting both PS and SBAS processing from the same co-registered stack. MultiReference
InSAR operator uses the PAIRS parameter to specify arbitrary interferometric combina-
tions from the coregistered SAR acquisitions. This flexibility enables the construction of
single-master interferometric pairs for the PS technique and interferometric pairs between
secondary images that are co-registered to a common reference image, facilitating the
generation of SBAS interferometric networks. SNAPxtra includes a trial-run option that
processes a small subset of the dataset before a full run, enabling users to inspect outputs
and adjust parameters. The proposed workflow also includes several features such as
automatic swath detection, master image selection, trial-run validation, log generation, and
shapefile-based masking before phase unwrapping. The novelty of this work lies in the
development of a reproducible workflow that streamlines the complex processing chain for
generating interferometric stacks for both PS-InSAR and SBAS analyses.

The applicability of the proposed package is evaluated using three representative
case studies in which the study area position is: (1) within a single swath; (2) extends
between multiple swaths; and (3) overlaps between two acquisition frames along the same
track. These examples demonstrate the versatility of the workflow and the quality of the
generated interferometric products across different acquisition scenarios. The proposed
framework provides a reproducible solution that can be readily applied to any region
with Sentinel-1 SLC data for surface deformation studies and the monitoring of diverse
surface geohazards.

2. Materials and Methods
SNAPxtra is built using Python 3.11.0 and utilizes the SNAP 11.0.1 (European Space

Agency, Paris, France) Graph Processing Tool (GPT) to execute end–end processing of SLC
data to generate interferometric stacks. Python was selected because of its widespread
adoption in scientific computing, automation, software development, data analysis, and
machine learning. Its cross-platform compatibility, extensive scientific libraries, and ac-
tive open-source community make it well suited for developing reproducible geospa-
tial processing tools. Several widely used open-source InSAR tools, including PyGMT-
SAR https://github.com/AlexeyPechnikov/pygmtsar (accessed on 15 October 2026),
SNAP2StaMPS, LiCSBAS, SNAPWF, and MintPy are also developed using Python. The
SNAPxtra execution requires a configuration file path specified using the p argument.
Optional arguments include s and e for defining the start and end processing steps and
t for selecting the InSAR method (PS/SBAS) for generating interferometric stacks. The
SNAPxtra reads the default values from the configuration file if optional parameters are
not provided with the command. The SNAPxtra workflow can be executed step by step or
in batch mode. Processing steps are numbered 0–27, with the final step depending on the
export target. These processing steps are organized into three main stages: (1) data prepa-
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ration; (2) interferogram generation; and (3) InSAR stack export. The detailed workflow of
SNAPxtra is illustrated in Figure 3.

Figure 3. SNAPxtra workflow. Horizontal dashed lines separate the three processing stages, with
individual steps displayed in colored background boxes: data preparation (yellow), interferogram
generation (pink), and stack export (blue). The steps in the box highlighted in yellow background are
only for PS Processing.

https://doi.org/10.3390/rs18213771
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2.1. Data Preparation

The data preparation stage validates the parameters defined in the configuration
file and prepares Sentinel-1 SLC data for subsequent interferometric analysis. This stage
applies SNAP TOPSAR–Split and Slice Assembly operators to select bursts overlapping
the predefined region of interest (ROI). The Slice Assembly operator is applied when
the study area overlaps two adjacent frames along the same track, merging them into a
single continuous dataset. Sentinel-1 Level-1 SLC slices acquired along the same track
under compatible acquisition conditions can be assembled while preserving phase and
backscatter information, ensuring consistency across the overlapping region [32]. If the
study area extends across multiple subswaths, each subswath is processed independently
and merged after interferogram generation. For SBAS processing, interferometric pairs
are selected based on the perpendicular and temporal baseline thresholds defined in
the configuration file and saved in a text file. For PS processing, the selected master
image is paired with the remaining (N − 1) slave images. If the master parameter is not
specified, the workflow automatically selects a suitable reference image using Equation
(1), considering the perpendicular baseline and Doppler centroid differences relative to the
other acquisitions [33]. All remaining SLC images are co-registered to the master:

γm =
1
K

K

∑
k=0

g
(︁

Bk,m
⊥ , 1200

)︁
× g

(︁
Tk,m, 5

)︁
× g

(︁
f k,m
dc , 1380

)︁
,g(x, c) =

∫︂ 1 − |x|/cif|x| < c
0 otherwise

(1)

where Bk,m
⊥ represents the perpendicular baseline between images m and k at the center

of image, T is the temporal baseline and fDC is the Doppler baseline, and c is the critical
baseline for which total decorrelation is expected for the targets with the distributed
scattering mechanism.

Users can also enable an optional burst verification step in SNAPxtra by setting
‘burst_check=true’ in the configuration file. This step compares the ROI footprint with
Sentinel-1 swath coverage to identify the appropriate subswath and burst range based
on a user-defined overlap threshold before applying any operations to the raw data. The
identified parameters are automatically updated in the configuration file and subsequently
used by the TOPSAR–Split and Slice Assembly operators to extract the selected subswath
and bursts from the original SLC data. This produces a single, spatially reduced dataset at
the end of step 2 for use in subsequent processing stages.

2.2. Interferometric Stack Formation

This stage comprises processing steps 3 to 26 and represents the most computationally
intensive part of the workflow. This stage produces interferometric stacks for subsequent
export to StaMPS or LiCSBAS. The process begins with the co-registration of SAR image
pairs to the selected master image. Enhanced spectral diversity (ESD) is then applied
to refine the co-registration accuracy by minimizing residual azimuth misregistration
between SAR acquisitions. The Land–Sea Mask (LSM) operator excludes large water
bodies that typically have low coherence. The TOPSAR Deburst operator then combines
adjacent bursts along their boundaries to generate continuous SLC products. A digital
elevation model (DEM) is used to remove the topographic phase component associated
with terrain elevation from interferogram. By default, SNAPxtra automatically downloads
the Copernicus 90 m DEM. Other supported DEM products (Copernicus 90 m Global DEM,
SRTM 1Sec HGT) can be selected in the configuration file. A custom DEM can be supplied
as a GeoTIFF in WGS84 geographic coordinates (EPSG:4326) by specifying its path in the
configuration file.
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Interferograms are generated using SNAP MultiReference InSAR Operator by reading
the pair information from the text file created in the first step. The resulting interferometric
stack is then processed using smart filtering to keep single master–slave pairs for PS or
pairs with multiple master-slave pairs for SBAS in separate folders. The masking procedure
is optional but highly recommended to exclude low-coherence areas. SNAPxtra supports
polygon-based masking using shapefiles generated from common GIS platforms such as
QGIS and ArcGIS. This enables SNAPxtra to exclude areas, such as water bodies, vegetative
areas, and erosional surfaces, before unwrapping to remove noisy pixels. Excluding these
decorrelated regions reduces potential phase-unwrapping errors and improves the quality
of the deformation maps. Each batch contains three images: a common master (m) and
two secondary images (d1 and d2) co-registered to the master. The PAIRS parameter of
MultiReference InSAR Operator uses the combinations m–d1, m–d2, and d1–d2, producing
three interferograms handled internally by SNAPxtra. The m–d1 and m–d2 pairs represent
single-master interferograms referenced to the master image and are retained for PS. The
d1–d2 pair, which is already co-registered to the master geometry, is used for SBAS. The
pairs with the single master–slave format are moved to a separate folder for PS analysis
and the remaining pairs are kept for SBAS analysis. Some single master–slave pairs are also
retained in the SBAS output when they satisfy the temporal and perpendicular baseline
thresholds. For N SAR acquisitions, SBAS can generate up to N (N − 1)/2 interferometric
pairs, whereas conventional single-master PS processing requires N − 1 pairs. SNAPxtra
generates co-registered stacks and interferograms based on the selected InSAR method,
avoiding unnecessary SBAS interferogram generation when PS processing is selected. This
reduces computational time and improves processing efficiency.

2.3. Exporting to StaMPS and LiCSBAS

Export to StaMPS requires both co-registered SLC stacks and wrapped interferograms.
The operations (masking, multilooking, Subset) applied to generate interferograms are
also applied to co-registered stacks matching dimensions and spatial properties. The size
of the full SAR image is initially reduced by selecting only the relevant bursts during
the first stage of data preparation. However, each burst covers approximately 20 km in
the azimuth direction and ~83 km in the range direction, potentially extending beyond
the study area. Therefore, the generated interferograms are further cropped using SNAP
Subset operator in Step 9, with the extent specified by clip_roi in the configuration file
before phase unwrapping. Processing smaller spatial subsets improves phase unwrapping
efficiency, reduces computational time, and optimizes storage requirements for subsequent
processing steps. The phase-unwrapping step is skipped when StaMPS is selected as
the export target, as StaMPS performs phase unwrapping internally using a 3D phase-
unwrapping algorithm. The processing steps and parameters used in the subsequent MT–
InSAR analysis are described in the StaMPS Manual https://github.com/dbekaert/StaMPS
(accessed on 15 October 2026). Multi-looking is excluded for PS interferometric stacks
because spatial averaging and resampling can change the properties of dominant scatterers.
If LiCSBAS is selected as the target to export an interferometric stack, SNAPHU is used to
unwrap the interferograms with default statistical algorithms that can be changed from
the configuration file. The parameter used by SNAPHU can also be changed from the
configuration file. Finally, the unwrapped interferograms and coherence files are exported
in GeoTIFF format. LiCSBAS also requires a DEM, east–north–up (ENU) look-vector
components, and metadata in the project root directory. The incidence angle band is used
to create ENU files using Equation (2):

E = sinθsin(α + 90), N = −sinθcos(α + 90), U = cosθ (2)
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where θ is the incidence angle, and α is the heading angle. The heading angle (α) for
ascending orbit is −12◦ and the descending orbit is 192◦. The DEM band is converted to
an .hgt file. The metadata prepared during the initial SNAPxtra step are also copiedto
output path. The Multilook and Goldstein Phase Filtering operator is applied before
unwrapping to reduce the speckle noise and improve the quality of the pixel to mitigate the
phase-unwrapping error. This helps to prevent unwrap failure and retain the maximum
number of interferograms to maintain a dense network, increasing temporal resolution. The
interferometric products are exported in the required formats and directory structures for
PS and SBAS analysis by StaMPS and LiCSBAS, respectively. The exported datasets are then
ready for deformation velocity estimation and time-series analysis using the corresponding
software. SNAPxtra can deploy multithreading using GPT to reduce processing time.
This is achieved by by setting parallel = true and specifying the number of threads in the
configuration file, subject to the available CPU and memory resources.

3. Results
Interferometric stacks generated by SNAPxtra were processed in StaMPS and LiCSBAS

to demonstrate their compatibility with downstream analysis. Three study areas with differ-
ent urban settings and locations within the satellite footprints were selected to demonstrate
the functionality of SNAPxtra.These studies were processed on an Ubuntu 20.04 system
equipped with 64 GB of RAM and 2 TB of storage. SNAP 11.0.1 was used to generate
interferometric stacks, which were subsequently processed using StaMPS 4.1-beta and
LiCSBAS2 2.1.0 (Yu Morishita) for time-series analysis and deformation velocity estimation.
StaMPS processing was performed using MATLAB R2024b (MathWorks, Natick, MA, USA).
Sentinel-1 SLC datasets from March 2024 to December 2026 were downloaded from the ASF
Vertex archive and a configuration file was prepared. The workflow was executed in batch
mode independently for each case study. The resulting interferometric stacks were exported
in formats compatible with StaMPS and LiCSBAS for subsequent PS and SBAS analysis.
Prior to processing the complete dataset, the trial-run feature implemented in SNAPxtra
was used to process the first few pairs before processing the full datasets. This feature was
used to validate configuration values and input files, identify potential errors, and adjust
parameters before processing the full datasets. Although noise-mitigation procedures were
applied, comprehensive site-specific optimization and independent geodetic validation
were not performed. The results primarily demonstrate workflow functionality, while
detailed geophysical interpretation and investigation of deformation mechanisms remain
beyond the scope of this study.

The first step of StaMPS is to retain the initial persistent scatterer (PS) and slowly
decoherent filtering phase (SDFP) using amplitude dispersion and amplitude difference
dispersion value. The amplitude dispersion of the pixel is defined as the ratio of its standard
deviation to its mean [14], as shown in Equation (3):

DA =
σA
µA

(3)

DA represents the amplitude dispersion value, σA and µA indicate the standard devia-
tion and mean amplitude. According to the StaMPS manual, the recommended threshold
values of 0.4 and 0.6 were used in the mt_prep_snap command for PS and SBAS, respectively,
to prepare the data [34,35]. These data are used by StaMPS to select initial PS candidates,
estimate phase noises, remove the contribution from neighboring pixels, phase correction
due to DEM error and merge individual patches from step 1 to step 5 separately for PS and
SBAS interferometric stack data. The final filtered PS and SDFP candidates were merged us-
ing the ps_sb_merge function to combine pixels identified from the PS and SBAS analyses to
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cover more ground points [36,37]. In step 6, three-dimensional phase unwrapping resolves
the 2π ambiguities in the wrapped phase before conversion to LOS displacement. The
Toolbox for Reducing Atmospheric InSAR Noise (TRAIN) [38] toolbox is used to estimate
and remove atmospheric noise by linear phase-based correction. The atmospheric noise,
DEM error, spatially correlated look angle (SCLA), and spatially uncorrelated look angle
(SULA) error are estimated and removed to isolate surface motion in step 7 to step 8 before
generating the final deformation estimate in LOS direction using the ps_plot command.

LiCSBAS was used to perform SBAS time-series analysis using the interferometric
stacks generated by SNAPxtra. The LiCSBAS workflow comprises nine processing stages
that produce the final deformation velocity map and displacement time series. A detailed
description of each processing step is available in the LiCSBAS user documentation [29].
The workflow begins with quality assessment of the generated interferograms, where
interferograms with average coherence or spatial coverage below specified thresholds are
excluded from further analysis. Loop-closure analysis identifies the remaining unreliable
interferograms for exclusion. The remaining interferograms are then used to estimate pixel-
wise deformation using the small baseline subset (SBAS) inversion approach. The standard
deviation is computed and nine noise indices for masking noisy pixels are evaluated to
identify and remove them in order to obtain the final surface deformation estimation from
remaining pixels. These masking thresholds can be adjusted according to the characteristics
of the study area, enabling users to optimize the quality and reliability of the resulting
velocity maps and time series. The details of Sentinel data used for all three cases are
presented in Table 1.

Table 1. Sentinel-1 acquisition geometry for the three study areas.

Location Swath Path Frame Orbit Study Area

Single Swath IW1 42 92 Ascending Pakistan
Multiple Swath IW1 + IW2 34 105 Ascending Fort Worth
Multiple Frame IW2 34 519 + 524 Descending Surat

3.1. Quetta Valley

Quetta, the capital of Balochistan, is situated near the border between Pakistan and
Afghanistan. Quetta serves as a major trade corridor between these two countries, at-
tracting significant migration from remote areas in search of economic opportunities. The
region experiences an arid climate, with average annual rainfall ranging from 150 to
200 mm. Quetta lacks substantial natural vegetation and has inadequate surface water
resources. Water demand has increased due to population growth in recent years, while
water supply remains limited. Groundwater levels have declined to unprecedented depths
because of over-extraction, leading to rapid land subsidence. Previous studies reported
GNSS subsidence magnitudes at Quetta of approximately 12 cm/yr during 2008–2016 and
16.6 cm/yr during 2016–2022. Their InSAR analysis for December 2015–December 2022
indicated vertical subsidence of approximately 16 cm/yr [39]. To evaluate the proposed
workflow, no prior information regarding the Sentinel-1 swath or burst range was sup-
plied; the burst_check parameter was enabled to facilitate automatic detection. SNAPxtra
automatically identified the subswath overlapping the study area and processed only
that subswath. The image acquired on 12 August 2024 was automatically selected as the
master date; the entire processing was completed in batch mode using SNAPxtra. The
generated interferometric stacks were exported to be analyzed in LiCSBAS and StaMPS
for the SBAS and PS analysis. A total of 2,807,440 scatterers was retained with an average
density of 6732/km2. The LOS velocity maps obtained from LiCSBAS and StaMPS are
presented in Figure 4. The time-series evolution of two selected sites is also shown in
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Figure 4. Some interferometric pairs are excluded from subsequent processing steps due to
phase-unwrapping failures during SBAS export selection. This is evident from the missing
observations at the corresponding dates in the time series shown in Figure 4d. SBAS applies
spatial averaging of neighboring pixels to reduce phase noise, producing smoother and
more continuous displacement time series. In contrast, PS relies on individual dominant
scatterers without spatial averaging, making the measurements more sensitive to localized
noise and potentially resulting in higher-frequency fluctuations, as shown in Figure 4b.

Figure 4. (a) Sentinel frame footprint in TOPS Mode in blue border. Yellow box delineates the study
area located in swath IW1; Location of study area indicated by red circle on the 3D globe; (b) SBAS
results using LiCSBAS; (c) PS results using StaMPS; (d) magnified view of PS scatterers of (c); (x) and
(y) shows time-series displacement with same label of the locations in map (b).

The SBAS result processed using LiCSBAS shows line of sight (LOS) deformation
ranging from −110 to 33.1 mm/yr. The existing interferometric stacks were also exported
for PS and SBAS StaMPS format and processed in MATLAB. The StaMPS result shows
the LOS deformation range of −112 to 34.7 mm/yr. The small disparity between the two
results can be due to radar target selection, multilooking, spatial sampling, unwrapping
techniques, and atmospheric decorrelation [17,40]. The result s a central bullseye subsidence
pattern that may be associated with groundwater extraction. Areas exhibiting significant
deformation rates overlap with densely built-up regions characterized by high population
density.. Limited surface-water availability may contribute to groundwater dependence
and associated subsidence.

3.2. Fort Worth, TX

Fort Worth is the tenth largest city in the United States, with a rapidly increasing
infrastructure and population. Groundwater extraction can reduce pore pressure, result-
ing in compaction due to overburden stress from surface loads, ultimately causing land
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subsidence in urban areas. This differential elevation change can lead to uneven highway
surfaces, pipe bursts, tilting of large buildings, and the formation of cracks and fractures,
which result in significant economic losses and increased maintenance costs. A study
of 28 major U.S. cities reported an average subsidence rate of 4 mm per year in Dallas,
TX during 2015 to 2021 period [41]. In this study, SNAPxtra correctly identified the sub-
swaths (IW1 and IW2) and burst ranges based on the provided area of interest (AOI) before
splitting the SAR data. The results were independently verified using Google Earth for
one Sentinel-1 acquisition, demonstrating SNAPxtra's capability to accurately select the
required subswaths and bursts.. The prepared interferometric stack after final step by
SNAPxtra in batch mode were exported to LiCSBAS and StaMPS for time series analysis.
StaMPS retained 1,158,115 final scatterer candidates for velocity estimation with an average
density of 1765/km2. The LOS velocity results obtained from StaMPS and LiCSBAS are
shown in Figure 5.

Figure 5. (a) Sentinel frame footprint in TOPS mode (blue border). Yellow box delineates the study
area spanning across swath IW1 and IW2; Location of study area indicated by red circle on the 3D
globe; (b) SBAS results using LiCSBAS; (c) PS results using StaMPS; (d) PS scatterers in magnified
view of (c); (x) and (y) shows time-series displacement with same label of the locations in map (b).

The results show broadly distributed subsidence in the Fort Worth area. PS results
reveal significant deformation south of the runway near Naval Air Station Joint Reserve
Base, which is less evident in the SBAS results. This highlights the advantage of PS-
InSAR in urban areas, where stable artificial structures provide a higher density of reliable
scatterers for deformation mapping. The final los deformation range is betweenshows −7.1
to 12 mm/yr in the StaMPS and from −7.7 to 15 mm/yr in the LiCSBAS result.

3.3. Surat, India

Surat is a coastal city situated on the western side of Gujarat, India, at the bank of a
river that meets the Arabian Sea. The city hosts numerous ports, a significant textile indus-
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try, and thriving industrial zones. Many coastal regions are at risk of subsidence due to
urban expansion and rising sea levels. Encroachment in open areas reduces rainwater infil-
tration, limiting groundwater replenishment, and further increasing the risk of subsidence.
A study by Nanyang Technological University (NTU) using Multi-Temporal Interferomet-
ric Synthetic Aperture Radar (MT InSAR) from 2014 to 2020 reported subsidence rates of
up to 6.7 cm per year using the Small Baseline Subset (SBAS) MT InSAR technique [42].
According to the ASF website, the Surat area is covered by frames 519 and 524 within track
34. Therefore, data from both frames for the period 2023 to 2025 were downloaded and
saved in the same directory; the path was updated in the configuration file. SNAPxtra
running in batch mode, was able to detect the frame and subswaths overlapping the study
area and processed only the relevant data from each frame. After weeding, 492,475 scatterer
candidates were retained, with an average density of 638/km2. The densely populated
and highly developed areas along the river had a scatterer density of 2253/km2. The LOS
velocity estimates obtained fromStaMPS and LiCSBAS are presented in Figure 5.

Significant subsidence is observed in the southwestern region, where large areas are
covered by agricultural fields.. Because this area has few engineered structures, persistent
scatterers are sparse in Figure 6c. The LiCSBAS result retains a larger spatial coverage
of valid pixels. The PS result shows LOS displacement range of 41 to −25.1 mm/yr and
SBAS shows range of −31.3 to 35 mm/yr. Differences between the LOS estimates may
reflect atmospheric effects, temporal decorrelation, differences in spatial sampling, and the
masking applied in each analysis. Both PS and SBAS show similar spatial distribution of
subsidence in study area. Subsidence is greater in open areas toward the mainland than in
urban areas along the riverbanks. Groundwater extraction for irrigation may contribute to
the subsidence observed in agricultural fields [43].

Figure 6. (a) Sentinel frame 1 footprint (blue border) and frame 2 footprint (white border). Yellow
box delineates the study area that overlaps area of both frame 1 and frame 2; Location of study area
indicated by red circle on the 3D globe; (b) SBAS results using LiCSBAS; (c) PS Results using StaMPS;
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(d) magnified view of PS scatterers of (c); (x) and (y) shows time-series displacement with the same
label of the locations in map (b).

4. Discussion
SNAPxtra is a lightweight, cross-platform Python workflow designed to automate

the generation of interferometric stacks for two widely used InSAR time-series analysis
methods: PS and SBAS. SNAPxtra integrates ESA SNAP processing tools, predefined XML
graphs, and Python scripts to automate Sentinel-1 SLC processing and interferometric
stack generation. SNAP’s graph processing tool (GPT) executes the predefined processing
graphs using configurable Java virtual machine memory, cache, and thread settings [44].
SNAPxtra processes selected bursts and spatial subsets and generates interferometric
pairs in small batches to manage computational workload and memory usage. Further
benchmarking is required to quantify its computational performance relative to equivalent
SNAP workflows and other InSAR processing software. The workflow can export the
generated interferometric stack in formats compatible with LiCSBAS and StaMPS, enabling
further time-series analysis after interferogram generation. The proposed workflow relies
on SNAP resources and, therefore, requires SNAP to be installed in the processing system.
Both Python and SNAP are available in major operating systems, including Windows,
macOS, and Linux, enabling SNAPxtra to operate across these platforms. LiCSBAS and
StaMPS were selected as supported time-series analysis packages for exporting final data
in SNAPxtra because of their cross-compatibility. Hence, the complete InSAR processing
workflow from raw Sentinel-1 SLC data through interferogram generation, time-series
analysis, and velocity estimation can be performed within the same computing environment
without requiring users to switch between different operating systems. In the absence of
a MATLAB license required to run StaMPS, users can still complete SBAS-based InSAR
analysis using LiCSBAS, a free and open-source time-series analysis package. SNAPxtra
enables users to execute individual processing steps or run the entire workflow in a single
execution. The command-line interface for SNAPxtra only requires specifying the main
execution Python file and configuration file. The step number is optional; if omitted, the
entire processing workflow is executed. The InSAR method and export target can be
controlled using the optional -m and -t parameters, respectively. Deploying SNAPxtra
for InSAR processing in cluster computing environments is relatively straightforward
due to its simplified installation and consistent command-line interface. Users do not
need to remember multiple commands for different processing operations, as individual
steps can be executed by specifying the corresponding step number only. These features
also simplify InSAR processing on personal computers, with SNAPxtra supporting major
operating systems, including Windows, macOS, and Linux. Detailed step-by-step tutorials
and brief explanations of the configuration parameters are provided in the user manual
available in the GitHub repository, helping new users quickly learn and adopt SNAPxtra
for InSAR processing. Video tutorials are also available on YouTube https://www.youtube.
com/watch?v=o_g6JAF6VlM (accessed on 20 October 2026). These tutorials demonstrate
how to install and use SNAPxtra, helping users become familiar with the software and
its complete processing workflow. SNAPxtra integrates several useful functionalities,
including including polygon-based masking of low-coherence regions, trial runs before
full-dataset processing, support for both PS and SBAS methods within a common pipeline,
spatial subsetting to the study area, automatic swath and burst detection, and handling
of study areas extending across adjacent SAR frames in same track and automatic log-
saving and display total execution of each time. These integrated features simplify InSAR
preprocessing, improve workflow flexibility, and provide researchers with an additional
accessible option among existing InSAR software packages.
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The three separate cases based on the location of the study area over the SAR frame
were processed using SNAPxtra and results were presented showing the capability of
SNAPxtra to detect swath and ranges from original SAR during end–end processing
for estimation of displacement. A vector shapefile was used in each case to mask low-
coherence regions before further processing. LiCSBAS identifies the stable group of pixels
with high coherence as the reference with which to measure displacement with respect
to the identified reference point. The latitude and longitude of the identified reference by
LiCSBAS was used in StaMPS to maintain consistency in output result. Quetta, which
has suffered over the long term from the over-extraction of groundwater, has shown LOS
deformation rate ranging from 33.1 to −110 mm/yr using SBAS and 34.7 to −112 mm/yr
from PS results. The steps and methods used in LiCSBAS and StaMPS to process the
network of interferograms for deriving ground displacement are different. LiCSBAS
supports tropospheric correction using external GACOS data only; however, StaMPS
supports external weather models and linear tropospheric correction as well, using TRAIN
toolbox before unwrapping. LiCSBAS only performs SBAS analysis; bad pixels are masked
using nine major noise indicators after checking the quality of the interferogram in step 11
and step 12. StaMPS supports both PS and SBAS techniques that start with the identification
of dominant scatterers. In PS Processing in StaMPS, we merged the identified scatterers
and linear tropospheric correction was applied which only uses phase and topography
information to remove the atmospheric noise using TRAIN to obtain deformaton map.

The SBAS analysis of Surat region using LiCSBAS shows the deformation rate of 35 to
−31.3 mm/yr, and the StaMPS measured LOS displacement of the range 41 to −25.1 mm/yr
using merged data of PS and SBAS scatterers. Our results show a greater improvement in
the subsidence rate than the previous study conducted by NTA using the GNSS and InSAR
data. The mapped subsidence is more pronounced in agricultural areas than in urban areas
in this region. The results indicating that subsidence is predominantly associated with
agricultural areas may explain the greater temporal variability observed in subsidence
rates. Abundant precipitation during the wet season may reduce groundwater extraction.
In addition, the water used for irrigation does not require expensive water treatment
centers to reduce costs and the time to build infrastructure, making the rapid transition
from groundwater to surface water improve subsidence in a short period of time. The
subsidence observed in the Quetta area is predominantly concentrated in the central part
of the city, reaching approximately −112 mm/yr based on the PS–InSAR results. The
pronounced bullseye pattern indicates a localized concentration of ground deformation,
potentially associated with excessive groundwater extraction, which reduces pore-water
pressure and increases aquifer compaction. A similar elliptical subsidence pattern has been
reported in Kathmandu, Nepal, where intensive groundwater pumping from clay-rich
aquifers over the past two decades has been associated with subsidence rates of up to
21 cm/yr [4]. In contrast, the Fort Worth area exhibits a relatively homogeneous spatial
distribution of subsidence. Both PS and SBAS results indicate that deformation is more
widely distributed across downtown Fort Worth and the White Settlement area to the
southwest, near Naval Air Station Joint-Reserve Base. In the downtown area, the presence
of large-scale infrastructure and buildings increases surface loading, leading to greater soil
compaction and contributing to the observed subsidence [9]. A large suburban region south
of downtown also exhibits significant subsidence, which may be associated with continued
groundwater withdrawal. Overall, the InSAR results for Fort Worth indicate deformation
rates ranging from approximately 15 to −7.7 mm/yr using the SBAS method and from 12
to −7.1 mm/yr in the StaMPS result. The two outputs show similar deformation patterns.

The discrepancies in the obtained results from LiCSBAS and StaMPS are expected,
as both use different techniques to estimate displacement from phases [17,40]. LiCSBAS
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performs SBAS analysis on multilooked interferometric stacks, whereas the StaMPS result
was obtained by merging PS and SDFP candidates derived from single-look interferograms.
The phase was unwrapped in two dimensions using a statistical cost approach for LiCSBAS
products; however, 3D unwrapping was used in StaMPS. LiCSBAS requires external
GACOS data to remove atmospheric correction; however, TRAIN supports linear correction
to estimate and remove atmospheric noise based on topography and phase information.
TRAIN also supports external weather models for complex and accurate atmospheric noise
estimates. LiCSBAS adapts loop closure, average coherence, and noise parameters using
the average value of all scatterers within a resampled grid; this is used for filtering bad
interferograms before ground deformation is estimated. StaMPS uses weeding parameters
to remove contributions from neighboring pixels to select phase estimates from a single
dominant scatterer that contribute to the final velcoity map. Differences in the processing
methods used by LiCSBAS and StaMPS may contribute to variations in their deformation
estimates. Residual atmospheric noise, decorrelation, and phase-unwrapping errors may
also affect the results, particularly near processing boundaries. Further site-specific quality
assessment and validation against independent observations are needed to establish their
quantitative accuracy. Processing parameters can be adjusted according to the study
objectives and expected deformation characteristics. Where available, leveling or GNSS
observations can be used to validate and calibrate InSAR measurements. Such datasets also
provide valuable reference information for calibrating parameters, reducing systematic
errors, and increasing the accuracy of results.

The restriction due to limited coverage of LiCSAR Products for InSAR analysis using
LiCSAR has now been addressed by SNAPxtra. SNAPxtra uses raw Sentinel-1 data,
which has wide global coverage, to generate the SBAS interferometric stack ready for use
in LiCSBAS. SNAPxtra also provides the freedom to apply multilook using any range
or azimuth values, based on the aim of the study and characteristics of the study area.
SNAPxtra extends the applicability of LiCSBAS to regions beyond the current LiCSAR
coverage and generates interferometric stacks at user-selected multilooking and output-grid
settings, subject to the native data resolution.

The software is maintained and distributed freely online from the GitHub repository
with detailed documentation. We intend this package to serve as a practical research tool
for MT-InSAR preprocessing using Sentinel-1 SLC data. Future development of SNAPxtra
will focus on expanding its functionality and improving its interoperability with additional
InSAR time-series analysis software. Planned enhancements include support for exporting
interferometric stacks compatible with widely used packages such as MintPy, PyRate,
and GIAnT. Extending compatibility with multiple analysis frameworks will provide
users with greater flexibility in selecting the processing methodologies that best suit their
research objectives. The current implementation of SNAPxtra is designed for Sentinel-
1 Terrain Observation with Progressive Scans (TOPS) acquisitions. Future releases will
expand support to additional SAR missions, including ALOS, TerraSAR-X, NISAR [45], and
COSMO–SkyMed missions. Long-term development will also focus on improving usability
through the introduction of a graphical user interface (GUI) for workflow configuration,
processing management, and the visualization of both raw and processed SAR products.
Future releases will incorporate GNSS observations to validate InSAR-derived deformation
time series and support integrated geodetic analysis. Interferogram export capabilities will
also be expanded to include MintPy and other widely used time-series analysis software,
further improving the accuracy and reliability of deformation monitoring.

The successful generation of PS and SBAS results using interferometric stacks pro-
duced by SNAPxtra demonstrates the reliability of its preprocessing workflow, from raw
Sentinel-1 SLC data to interferogram generation. Its compatibility with Windows, macOS,
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and Linux enables researchers to integrate SNAPxtra into their existing computational
environments. The easy installation of SNAP and the required Python packages also
makes SNAPxtra a useful educational tool for introducing practical InSAR processing in
university laboratory courses to gain hands on experience. Export to LiCSBAS provides an
open-source route to SBAS time-series analysis for users without a MATLAB license. The
manual guide of a step-by-step tutorial and regularly updated YouTube tutorials provide
additional guidance for installation, configuration, and processing to new users, enabling
them to quickly learn to use SNApxtra. These features establish SNAPxtra as a reliable and
accessible preprocessing platform for Sentinel-1 MT-InSAR analysis, supporting researchers
with varying levels of experience in investigating geophysical processes and geohazards.

5. Conclusions
This study presented SNAPxtra, a Python-based workflow that automates the gen-

eration of interferometric stacks from raw Sentinel-1 SLC data for both PS–InSAR and
SBAS analyses. The generated products were successfully processed using StaMPS and
LiCSBAS, demonstrating the compatibility, reproducibility, and reliability of the pro-
posed workflow. By integrating Python with SNAP GPT, SNAPxtra streamlines the
complex multi-stage InSAR processing chain, reducing repetitive manual operations in
interferometric preprocessing.

The integration of automated log generation, masking, automatic swath and burst
detection, flexible interferometric network generation, and direct export to LiCSBAS and
StaMPS addresses several limitations commonly encountered in existing InSAR processing
workflows. SNAPxtra enables deformation monitoring across diverse environments by
supporting both PS and SBAS methods within a single processing framework. PS is suitable
for urban environments, where stable man-made structures generate strong, temporally
coherent radar backscatter that can be identified as persistent scatterers. SBAS uses short
baseline interferograms and can retain measurements from distributed scatterers where
sufficient coherence remains. Its suitability depends on acquisition geometry, temporal
sampling, land cover, and processing choices.

The selection of PS–InSAR or SBAS should ultimately depend on the characteristics of
the study area, available coherent targets, and the objectives of the investigation. SNAPxtra
lowers the technical threshold for InSAR adoption by enabling researchers and students to
perform both processing strategies within a unified framework without requiring extensive
knowledge of multiple specialized software packages. Taking advantage of the global
coverage and continuous acquisition capability of the Sentinel-1 mission, SNAPxtra can
support deformation monitoring associated with a wide range of geohazards and Earth
surface processes across diverse geographic regions.

By providing flexible parameterization and automated generation of analysis-ready
interferometric stacks, SNAPxtra offers a cost-effective, scalable, computationally efficient,
and transparent solution for surface deformation monitoring. The end-to-end workflow
simplifies the transition from raw Sentinel-1 SLC data to time series analysis-ready products
while reducing technical barriers and improving reproducibility for both PS and SBAS
applications. The free access of SNAPxtra promotes transparency, accessibility, and repro-
ducibility of the proposed InSAR processing workflow. The continued development of
SNAPxtra will further expand its capabilities and support broader applications of satellite-
based deformation monitoring.
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DEM Digital Elevation Model
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RMS Root Mean Square
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