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SURFACE DEFORMATIONS ANALYSIS OF UNDERGROUND GAS STORAGE USING
PSINSAR BASED ON SENTINEL-1 SATELLITE DATA

The purpose of this research is to utilize the Persistent Scatterers InSAR method for studying cyclic movements
of the Earth’s surface caused by technological processes involved in exploiting the underground gas storage facility.
The objective of this research is the area of the Bohorodchany underground gas storage facility, which was
constructed at a depleted gas reservoir. The research input data were thirty-nine (39) SAR images acquired by the
Sentinel-1 satellite in the Interferometric Wide mode from an ascending orbit. The time series covered the period
from May 31, 2021, to December 23, 2023. The time interval between the images was 24 days. The SNAP2StaMPS
v2.0 algorithm enabled the preliminary preparation of radar images. The introduction of additional functions has
significantly improved the operation convenience and reliability. The Stanford Method of Persistent Scatterers
(StaMPS) was used to process radar images applying by the Persistent Scatterers technique. This method is
implemented in the MatLab program. In the course of the data processing, the influence of atmospheric effects was
taken into consideration. TRAIN toolkit was used for this purpose. It calculates the linear tropospheric delay of a
radar signal and makes the required corrections. The visualization of deformation velocity maps of the gas storage
area was implemented via the StaMPS-Visualizer. It has been established that the PSInSAR method allows to
analyzing a time series of deformations in the area of both industrial sites and technological wells. The practical
significance of the research results consists in the formulation of recommendations for the effective application of the

PSInSAR method as a component of geodetic monitoring at the Bohorodchany underground gas storage facility.
Key words: gas storage facilities, radar interferometry, persistent scatterer, StaMPS, TRAIN.

corresponds to the moments of rapid gas extraction
in large volumes within a short period, gas storage
facilities are constructed in aquifers and salt
caverns [Tajdu’s et al., 2021].

Periodic natural gas injection and extraction
cause pressure changes in a reservoir bed, reaching
2-10 MPa [Teatini et al., 2011]. The variable

Introduction

Underground gas storage facilities (UGSF) are
rated as strategically important engineering objects
that play a key role in ensuring uninterrupted gas
supply for industrial and domestic needs. The accu-
mulation and storage in gas facilities effectively

manage the seasonal demand for natural gas and
provide reserves for unforeseen supply disruptions.
This practical experience is used not only in
Ukraine but also in European countries.

The three main types of underground gas sto-
rage facilities are based on the geological structures
they are constructed upon: depleted gas reservoirs,
aquifers, and salt caverns. The storage facilities
based on depleted gas fields are the most widely
spread type, including Ukraine. Their share is
approximately 80 % among all gas storage
facilities [NaturalGas.org, 2024]. This storage
facility type is most effective. It ensures the basic
load during operation, which corresponds to
seasonal changes in gas consumption by users.
Meanwhile, to meet the needs of peak load that

stresses arise in the geological structure exactly
under the impact of operation cyclicity and
pressure changes in a wide range. This can lead to
the loss of gas storage hermeticity or damage to the
equipment, particularly with injection/withdrawal
wells. The expected operational lifespan of
underground gas storage facilities is several de-
cades. Therefore, constant monitoring of un-
derground storage facilities is crucial to guarantee
their safe uninterrupted and reliable operation.

The monitoring of UGSF areas, which have a
technogenic impact on the geological and ecolo-
gical environment, involves a number of
geotechnical studies. Geochemical [Znak et al.,
2015] and geodetic methods [Perovych and Begin,
2017; Oleskiv, 2017] play an important role in this
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process. The subject of geodetic monitoring
research is the vertical movements of a gas storage
roof and their amplitude in the course of gas
injection and withdrawal [Dudlia et al., 2012].

To clarify the purpose of a geodetic component
of research, we should examine the key geo-
mechanical processes that occur within a gas storage
facility and how these processes affect the facility’s
operational reliability. Specifically, when a gas
storage facility is constructed on a depleted field, the
roof of the facility shifts to its natural position once
it is filled with gas. At the same time, such pressure
appears in the reservoir bed, which was before the
gas field development, while the stress-strain state of
the surface disappears. After gas is extracted from a
storage facility, the pressure drops, and the stress-
strain state of the surface rises due to the existing
roof subsidence. These processes cyclically repeat
from year to year, thus leading to periodic vertical
movements of the surface above a gas storage
facility: uplifting during the gas injection period
(April-October) and subsidence during the gas
withdrawal period (November—March). The UGSF
operates reliably and safely under the plastic nature
of gas storage roof deformations, which corresponds
to seasonal operation cycles.

Geometric leveling is one of the most reliable
geodetic monitoring methods at UGSF. Among the
restrictions typical for this method, one should
mention the spatiotemporal discreteness of measu-
rements. This means that assessment of vertical
movements of the Earth's surface is performed by
measuring change in height of benchmarks over a
period between observation campaigns, which can
last for several months. While monitoring using the
GNSS methods enables faster surveying, it also
does not guarantee high spatiotemporal resolution
in the measurement results as a terrestrial method.

The development of a high-precision three-
dimensional deformation field for an underground
storage roof can be accomplished through the
collaborative use of both terrestrial and remote
sensing methods. The satellite radar interferometry
results (InNSAR) are widely used to solve these
problems [Kim et al., 2021; [Liu et al., 2023]. This
technology is often applied for geodynamic
monitoring of the areas, where oil and gas fields are
being developed [Mu'Amalah et al., 2021; Eckles,
2023]. It is also applied in areas with high

groundwater consumption, particularly around large
urban agglomerations [Vaka et al., 2021], and in the
projects involving underground CO, storage [Vasco
et al, 2022]. A common characteristic of the
projects mentioned above is the ability to detect
gradual deformations of the Earth’s surface with
millimeter precision. These deformations occur due
to the filling or depletion of underground geological
structures. Since the patterns of these deformations
resemble those found in gas storage roofs, satellite
radar interferometry has proven to be an effective
method in geodynamic studies related to under-
ground gas storage facilities (UGSF) [Ferretti et al.,
2014; Rapant et al., 2020; Struhar et al., 2022].

Object of research

The objective of this research is the area of the
Bohorodchany underground gas storage facility
(Ivano-Frankivsk region), which was put into
operation in 1979. The Bohorodchany UGSF was
constructed in the middle sand-aleurolitic horizon of
the South-Eastern block of the area 5.5%3.5 km’. The
internal limit of gas bearing capacity is 7.5x4.5 km”.
The South-Western geological fold is limited by
deposits of the Stebnyk thrust, while the North-
Western geological fold joins the Hrynivka deposit.
From the North-East and West, the gas horizon is
limited by tectonic deposits [Oleskiv, 2017].

The previous study on determining the dyna-
mics of a gas storage roof, based on the radar data
obtained from the Sentinel-1 satellite, is presented
in the article [Kukhtar & Oleskiv, 2023]. The
differential interferometry method (DInSAR) was
applied in this study. The impact of errors on the
results, such as inaccuracies in satellite positioning,
digital elevation models (DEMs), and atmospheric
effects, is comparable to the magnitude of
deformations occurring on the Earth's surface. It is
known that the DInSAR method can be effectively
employed when deformations are significantly
greater than these error values. Therefore, DInSAR
does not have sufficient sensitivity to detect
seasonal plastic deformations in gas storage faci-
lities. An alternative method must be used.

The purpose of research

This research focuses on the slow and cyclic
movements of the Earth’s surface above a gas
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storage facility. To analyze these movements, we
will process satellite radar images using advanced
differential interferometry techniques, along with
multiple time series data. Such methods include the
method of Persistent Scatterers (PSI).

The purpose of this research is to utilize the
PSI method for studying cyclic movements of the
Earth’s surface caused by technological processes
involved in exploiting the Bohorodchany under-
ground gas storage facility.

Initial data and methods

The Persistent Scatterers InSAR method (PSI)
is an advanced technique of interferometric pro-
cessing of a synthetic aperture radar image (SAR).
It helps to highly precisely detect deformations of
the Earth's surface and structures by revealing and
analyzing the points that remain clearly identifiable
over time (the so-called “persistent scatterers”).
These objects usually have high reflectivity and are
not affected by atmospheric or other external
factors. When using the data from several radar
images obtained at different moments, PSI ensures
the highly precise detection of slow surface defor-
mations caused by natural or man-made factors.

The input data for the research were thirty-
nine (39) SAR images acquired by the Sentinel-1
satellite from an ascending orbit. The time series
covered the period from May 31, 2021, to
December 23, 2023. The time interval between the
images was 24 days. The radar images, taken for
processing, were obtained in the IW mode
(Interferometric Wide) with a spatial resolution of
5x14 m/pixel. The images were downloaded from
the Alaska Satellite Facility archive
(https://search.asf.alaska.edu/).

The processing of SAR data by the persistent
scatterer method (PSI) was performed in two stages
by applying the following open-source software
products:

1. Automated data preparation using the
SNAP2StaMPS algorithm.

2. Implementation of the StaMPS method
(Stanford Method for Persistent Scatterers) in the
MatLab program.

Step 1. The SNAP2StaMPS algorithm enabled
the preliminary preparation of radar images. The
processing automation by means of Python scripts

allows for effective processing of a large amount of
initial data. As a result, the subset of the images
within the area of interest was created. Applied
orbit files for each acquisition were used, the co-
registration of master-secondary pairs of images
was performed, and the corresponding interfero-
grams were generated.

The SNAP2StaMPS package has now been
updated to version 2.0 (https://github.com/
mdelgadoblasco/snap2stamps/releases/tag/2.0). The
previous version of SNAP2StaMPS v1.0 required a
stage to define the master image among the time
series via the SNAP program (Sentinel Application
Platform). Owing to this update, this stage is no
longer needed, as it is performed automatically
according to the SNAP2StaMPS algorithm.

The updated version was created based on user
requests that were constantly processed after the
In addition to the
aforementioned option of automatic selection of the

initial version appeared.
master image, the updated version supports the pre-
processing of high-resolution radar data obtained
by TerraSAR/TanDEM-X satellites in Stripmap
mode (resolution 3x3 m). The TSX2Stamps
algorithm of preparing TerraSAR/TanDEM-X data
for processing by the PSI method uses the same
workflow, as that for Sentinel-1 TOPSAR data.
The TSX2Stamps package is also freely available
as a separate package for downloading on GitHub
(https://github.com/jziemer1996/TSX2StaMPS).
Fig. 1 shows a flowchart of the SNAP2
StaMPS v2.0 algorithm. Here we can see that the
updated version of SNAP2StaMPS v2.0, in
addition to a new set of commands for preparing
TerraSAR/TanDEM-X data, provides a number of
optional functions. The introduction of additional
functions has significantly improved the con-
venience and reliability of operation. The Auto-
Download function ensures the convenience of
downloading the data directly from the active
archive center of the Alaska Satellite Facility. The
advantages of the Auto-Master Selection function
have already been mentioned above. It is known
that after the interferograms were created, each of
them must be reviewed and checked for errors. The
added function of Plotting Results allows forming a
folder with the images of all interferograms.
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Reviewing them is a quick convenient way to
check the quality of the previous stages.

The list below shows the additional features of
the updated version of SNAP2StaMPS v2.0
[Delgado Blasco et al., 2023]:

o use of updated versions of Python 3.11 and
SNAP v9.0;

e autorun script for full automation of all
processing stages;

o the ability to work with two subswath (in
case of location of the studied area within separate
IW subswath);

e support for various formats for the area of
interest definition (BBOX, WKT, SHP, KML,
GeoJSON);

e support for an external digital elevation
model (SRTM 1 sec is used by default);

e new parameters to optimize the disk space.

Sentinel2StaMPS SnaPZStaMPS TSX2StaMPS
Config-File: Optional functions: Config-File:
TOPSAR (Sentinel-1) STRIPMAP (TSX/TDX)
"Y I Auto-Download | l
| 1: Prepare SLC data | | 1: Unzip data |
", I Auto-Master Selection | l

| 2: Master splitting |

|

| 3: Secondaries splitting |

!

| 4: Coregistration |

!

| 5: Interferogram generation |

| 2: Prepare SLC data |

| 3: Subset data + Master selection |

| 4: Coregistration |

!

| 5: Interferogram generation |

I |
y |

Plotting results | ¥

| 6: StaMPS export |

| 6: StaMPS export |

Fig. 1. The flowchart of the automated SAR data preparation process using
the SNAP2StaMPS v2.0 algorithm [Delgado Blasco et al., 2023]

Step 2. The Stanford Method of Persistent
Scatterers (StaMPS) [Hooper et al., 2012] is a tool
for processing radar images, which allows for the
detecting of the Earth's surface deformations by
using the stable ground points that consistently
reflect a radar signal over a long period. This
method is implemented in the MatLab program.
The data are processed through the MatLab scripts,
which identify coherent pixels and single out a
component of the signal corresponding to the
deformation of the Earth's surface within the range
of these pixels. The given algorithm involves seven
steps.

One of the advantages of the Persistent Scatterer
method is the possibility to exclude atmospheric
effects in the interferometric analysis. The Stanford
method of persistent scatterers is supported by the
TRAIN toolbox, i. ¢ The Toolbox for Reducing

Atmospheric InSAR Noise. It is an open-source
software product used to reduce the impact of
atmospheric effects on InSAR results [Bekaert et
al., 2015]. The atmospheric correction can be
calculated after the seven steps of the StaMPS algo-
rithm are completed. After that, it is recommended
to repeat steps 6 and 7 of the StaMPS algorithm to
account for atmospheric and spatially correlated
errors in phase unwrapping.

Results

Referring to the results of processing the
thirty-nine (39) radar images of the Sentinel-1
satellite by the PSI method, the time series of the
Earth’s surface deformations was obtained for the
Bohorodchany UGSF site. This research covers 2.5
year period, which corresponds to several periodic
cycles of gas storage facility operation.
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Fig. 2 shows a map of mean deformation
velocities, including the gas storage facility area.
The Sentinel-1 satellite is equipped with a right-
side radar surveying not at a nadir, but at an angle.
Considering this, along with the fact that the images
were taken for analysis from an ascending orbit, the

resulting velocities were obtained along the
satellite’s line of sight. In addition, Fig. 2 shows the
distribution of the standard deviation value, which
sets the quality of defining the deformation
velocities. This value does not exceed 1 mm/year
for the area of the object studied.

5.5 1.6

mm/yr

-6.4 0.2

Fig. 2. Mean line-of-sight (LOS) velocity map (31.05.2021-23.12.2023): a — territory of underground gas
storage in Bohorodchany (approximate boundary), b — the processed territory within SAR images, ¢ —
standard deviation of mean LOS velocities

During the data processing by the Persistent
Scatterers method, certain corrections were taken
into consideration for spatially correlated errors,
such as those from the digital elevation model and
orbital errors, as well as the influence of
atmospheric effects. First of all, the TRAIN toolkit
was used for this, it calculates the linear tropos-
pheric delay of a radar signal and makes the requi-
red corrections [Kukhtar, 2024]. Fig. 3 shows the
distribution of tropospheric delay of a radar signal
caused by the atmospheric impact at the moment of
acquisition. Such a generalized picture helps to
estimate the phase impact of the atmosphere on
each of the images and, if necessary, to delete such
an image from the processing chain.

After calculating the tropospheric signal delay,
the steps 6 and 7 of the StaMPS algorithm are
repeatedly executed to jointly estimate the spatially
correlated and atmospheric corrections during the
phase unwrapping process.

To verify the effectiveness of the corrections
used, the MatLab program environment was utilized
for sequential visualization of mean velocity maps

(Fig. 4). In this case, the range of mean deformation
velocities of the investigated area changes to some
extent. This is common, when the magnitude of
values practically does not change after involving the
above corrections, while the upper and lower limits of
the range decrease proportionally.

The presentation of data in MatLab is not
always convenient and visually understandable.
Therefore, the StaMPS algorithm provides the
possibility to visualize the maps of mean
deformation velocities on an optical satellite image.
To do this, the set of obtained data is exported in
* kmz file format for visualization in GoogleEarth.
The StaMPS-Visualizer application is another
method [Hoser, 2018]. This program is publicly
available and allows not only visualizing the data
on an optical satellite image, but also analyzing the
time series of deformations for each persistent
scatterer and present the data in the form of graphs.

Fig. 5 presents a map of deformations of the
Earth’s surface velocities along the satellite’s line
of sight to the Bohorodchany gas storage area,
created using StaMPS-Visualizer.
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Fig. 4. Mean line-of-sight velocity maps of the investigated area: a — velocity map without any corrections (v); b —
velocity map with DEM corrections and orbit ramps corrections (v-do); ¢ — velocity map with tropospheric
corrections (v-a); d — velocity map with DEM corrections , tropospheric and orbit ramp corrections (v-dao)
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Fig. 5. Mean LOS velocity map of the territory of underground gas storage
in Bohorodchany obtained by the PSInSAR method (31.05.2021-23.12.2023)

Persistent scatterers are mainly concentrated on
the sites of structures and artificial objects. In pa-
rticular, they are located in the area of technological
equipment and administrative buildings. The
analysis of the time series of deformations
demonstrates the general stability of the industrial
site. The mean deformation velocities are close to
zero on the site of technological equipment.

Persistent scatterers on technological wells
provide the most important information for geo-
detic monitoring. Such wells are clearly distin-
guished in radar images due to the high amplitude
of the signal reflected. Nevertheless, Fig. 5 makes it
clear that only some parts of technological wells,
scattered in the gas storage area, are identified as
persistent scatterers. The rest of them are weeded
out (excluded) during processing due to decor-
relation. Decorrelation increases due to loss of
signal coherence between two or more images used
in interferometric analysis.

We believe that the nature of decorrelation on
this site is related to seasonal changes occurring in
the environment (vegetation structure, snow cover).
The basic approach to overcome the impact of

seasonal surface changes, when using the satellite
radar interferometry, is the involvement of ground-
based corner reflectors [Aguado et al., 2015].
Therefore, we recommend deploying a network of
corner reflectors on/near the technological wells for
geodetic monitoring of a gas storage area by the
satellite radar methods.

As shown by the analysis of the time series of
deformations on wells, the vast majority have a
stable position during the whole research period.
The time series of data may be burdened by noise
components, which were not deleted during
processing in this case (Fig. 6). In connection with
this, it is necessary to consider the averaged data in
the deformation analysis.

Some persistent scatterers of wells indicate the
tendency to subsidence and non-plastic defor-
mations. Fig. 7 presents the deformation graphs of
three points (see Fig. 5: No. 47, No. 129, No. 135),
characterized by the highest subsidence rate over
the period studied.

To correctly interpret the data, further analysis
of geodynamic processes, occurring in the area of a
gas storage facility, must be carried out, provided
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that there is technological process data on gas
injection/withdrawal during exploitation. Moreover,
the results of satellite radar monitoring require
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additional verification using the data from ground-
based geodetic observations (e. g. geometric or
GNSS-leveling).
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Fig. 6. Time series of the permanent scatterer Ne155 deformation at the technological well
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Fig. 7. LOS deformation time series of the permanent scatterers No. 47, No. 129, No. 135 at the technological wells

Scientific novelty
and practical significance

The results of satellite radar monitoring were
obtained on the Bohorodchany UGSF site for 2.5
years of the gas storage facility operation. It has
been established that the PSINSAR method allows
the analysis of a time series of deformations on the
area of both industrial sites and technological wells.

The practical significance of the research results
consists in the formulation of recommendations for
the effective application of the PSInSAR method as
a component of geodetic monitoring at the
Bohorodchany UGSF. The core recommendation is
the deployment of a network of ground-based

corner reflectors to improve signal coherence on
radar images.

Conclusions

The use of the satellite radar interferometry
method, as illustrated in the Bohorodchany UGSF
area, shows its efficiency and cost-effectiveness for
monitoring the underground gas storage facilities
based on the remote sensing data. When combined
with land surveying techniques, such as geometric
leveling and GNSS observations, the InSAR method
can provide valuable insights into the spatiotemporal
distribution of deformations in the roof of the
underground gas storage.



Geodesy, cartography and aerial photography. Issue 100, 2024 41

All production wells shall be equipped with
ground-based corner reflectors to ensure the
reliability of deformation detection results. This
will enable getting a high constant value of ref-
lected radar signal and reducing the decorrelation
impact when processing the long time series of
radar data.

Thanks to the open access to radar data, which
are constantly collected and updated every 12 days,
the use of radar interferometry for monitoring
underground gas storage facilities can provide a solid
foundation for an early warning system that detects
critical deformations at these sites. This system will
enhance the operational reliability of underground gas
storage facilities by enabling timely responses to
potential issues.
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AHAJII3 JIEGOPMALIIHM ITOBEPXHI ITIJI3EMHOI'O CXOBUIIIA TA3Y METO/IOM PSInSAR
HA OCHOBI JAHUX CYITYTHHUKA SENTINEL-1

Mera 1pbOro AOCITIKEHHSI — 3aCTOCYBaHHS METOAY MOCTIHHUX po3citoBadiB INSAR it BUBYEHHS IMKITIYHHX
PYXiB 3eMHOI IOBEpXHi, CIPUYNHEHUX TEXHOJOTIYHUMH MPOIECaMH eKCIUTyaTalil MiJ3eMHOrO CXOBHINA Ta3y.
O0’eKTOM TIHOTO IOCIIKEHHSI € TepUTOpis Boropom4aHCHKOro MiZ3eMHOIO CXOBHIA ra3y, CTBOPEHOrO Ha MicCIi
BHCH2)XEHOT'O Ta30BOr0 POJAOBHINA. BXiJHUMH JaHUMH Uil AOCHiKeHb Oyiau 39 pazionokalifHUX 3HIMKIB,
orpuMaHi cymyTHHKoM Sentinel-1 i3 BucxigHoi op6itu y pexxumi 3HiManHs IW (Interferometric Wide). YacoBuii psin
oxonuB niepiof 3 31 tpausa 2021 p. mo 23 rpyaus 2023 p. [repBan yacy mix 3HiMaHHAMHU — 24 aHi. [TonepenHro
MATOTOBKY PaiofIOKAI[ifHUX 3HIMKIB BUKOHAHO 3a jporomororo airoputMy SNAP2StaMPS v2.0. OHoBiieHa Bepcist
Ma€ KiJIbKa JIOAaTKOBUX OCOOJIMBOCTEH, SIKi ICTOTHO MiJIBUINMIN €(EKTUBHICTh 3aCTOCYBaHHS HAOOPY 1HCTPYMEHTIB.
Crendopacekuii MeToa HocTiHHUX po3citoBauiB (StaMPS) Bukopucrano mnst oOpoOiieHHs iHTep(hepOMETpHIHUX
pazapHux 300pakeHb METOJIOM MOCTiHHHX po3citoBauiB. Peanizanis metoxy PSI Bukonana y nporpami MatLab. Ilin
Yac ONpAaIfOBaHHS JaHUX METOJIOM IOCTIHHHUX PO3Cil0BaviB BPaXOBaHO IONPABKH 3a aTMoc(epHi BIuIuBYU. [iis 11boro
BuKopucTaHo HaOip iHcTpymeHTiB TRAIN, skuii BHKOHYE pPO3pPaxyHOK JIHIHHOI TponocqepHoi 3aTpuMKu
paniosoKaliiHOro CUTHAITY Ta BBOAMWTH HEOOXiHI monpaBKu. Bisyasizaliiro kapT cepenHix MBUAKOCTEH nedopmartiii
3IIHCHEHO 3a JI0MoMOrolo 3actocyHky StaMPS-Visualizer. BcranoBieHo, mo Bukopucranns Merony PSInSAR nae
3MOry BHKOHYBAaTH aHalli3 4YacOBUX cepili nedopmariiii TepuTopii sSK NPOMHCIOBOrO MailmaHYMKa, TaK 1
TEXHOJIOTIYHUX CBEep/AIOBUH. [IpakTHyHe 3HAUEHHS PE3yJbTATIB JOCIiIKEHHs Nosirae y (opMyBaHHI peKOMeEH Al
CTOCOBHO e(eKTHBHOIO0 BHKOpuctaHHs wmeroqy PSInSAR sk ckimamoBoi reofe3uyHOro MOHITOPHMHTY —Ha
BoropogyaHChbKOMY Ta30CXOBHIIII.

Knmiouosi croea: Ta30cxXoBHINE, paaioioKalliiiHa iHTepdepoMeTpis, moctiiinuii poscitoBay, StaMPS, TRAIN.

Received 05.09.2024



