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Abstract: Ground displacement monitoring is a key aspect of assessing the impacts of
underground gas storage (UGS). Conventional approaches are based on geo-
detic methods that, while providing high accuracy, are limited in spatial cov-
erage and temporal resolution. This study assesses the suitability of synthetic
aperture radar interferometry (InNSAR) as a complement to standard ground
displacement monitoring and identifies a method with sufficient accuracy to
assess ground displacement conditions and facility safety. A comparative anal-
ysis was conducted using European Ground Motion Service (EGMS) data and
independently derived Sentinel-1-based time series generated with the small
baseline subset (SBAS) and persistent scatterer INSAR (PSI) methods. The anal-
ysis of a cavern UGS facility located in northern Poland spanned a five-year
period from 2019 to 2023 and included error analysis and significance testing
of differences between the methods. Observed displacement rates across the
study area ranged from —4.3 mm/year for the SBAS method to -0.4 mm/year
for PSI. Although the absolute values of the estimated velocities differed among
the methods, the differences between the modeled deformation rates were sta-
tistically insignificant. The results confirm that INSAR can supplement geodetic
monitoring and help investigate seasonal ground deformations associated with
gas injection and withdrawal cycles as well as environmental processes, captur-

ing patterns that discrete geodetic measurements may miss.
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1. Introduction

The importance of underground gas storage (UGS) facilities in ensuring a steady
and safe energy supply is increasing, as evidenced by the growth in their volume
worldwide [1, 2]. Underground storage of fluids (liquids and gases), used for industrial
and heating purposes, utilizes favorable geological conditions. The most widely used
underground storage types include salt caverns, depleted fields, and aquifers. The first
type is developed through leaching rock salt formations to construct underground
voids (caverns); the second involves storing oil and gas in depleted hydrocarbon fields;
and the third involves storing gases in porous geological formations sealed from the
surface with impermeable rock layers. UGS in porous rocks has the highest storage
capacity of all the geological types discussed, but the pore structure prevents operation
athigh injection-withdrawal rates [3]. Conversely, storage in rock salt enables high op-
eration rates. Additionally, salt caverns have a working gas capacity of 75-80% of the
total storage capacity, whereas depleted field storage has a cushion gas capacity of ap-
proximately 50% of its total storage capacity. Rock salt, owing to its physical and chem-
ical properties, serves as a natural barrier preventing leakage and contamination [4].
Details on the benefits and limitations of geological storage can be found in [2, 5-9].

Underground storage, especially caverns, causes disturbances in the rock mass
that propagate to the surface. Therefore, as in underground mining, these opera-
tions require monitoring of ground displacements and the integrity of the surface
technical infrastructure. The implementation of additional systems, such as those
for detecting seismic activity, gas leaks, and gas dispersion, would significantly
enhance UGS monitoring. Industry-standard ground monitoring methods include
geodetic leveling, as well as terrestrial and satellite-based Global Navigation Satel-
lite System (GNSS) measurements, which provide the most accurate observations
but are confined to the location of control benchmarks and leveling lines. Depend-
ing on national regulations, operators are required to perform such duties either
annually (Germany) or at least every five years (Poland). However, it is routine to
perform ground displacement monitoring more frequently, especially during the
development stage of underground storage infrastructure.

Classical geodetic leveling is recognized as the benchmark method for ground
displacement monitoring and meets the requirements of national mining authorities.
Methodologically, the results of leveling surveys are verifiable. Considering the level
of precision obtained, implementing a semiannual to annual monitoring cycle pro-
vides a reliable approach to detecting significant ground displacements over time.
The resulting ground displacement information is limited to sparsely distributed
control points, usually along intersecting leveling lines. Thus, geodetic leveling being
the most accurate method for monitoring vertical ground displacements, has limita-
tions in terms of the density and spatial distribution of observation sites for precise
representation of ground deformations. The accuracy of estimating ground defor-
mations, based on leveling results, depends on the quality of the digital elevation
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models (DEMs) developed from them and on the differential DEM used to represent
ground deformation. The quality of DEMs depends on the density and distribution of
measured points, the characteristics of the topography, and the interpolation method
chosen to estimate ground displacements in unmeasured locations [10]. The discrete
character of information describing ground displacement based on leveling measure-
ments may also cause irregular temporal patterns of ground movement or asymmetric
deformation shapes to go undetected. Furthermore, the expansion of UGS operations
over time, aimed at increasing storage capacity, requires the gradual extension of the
geodetic measurement network, incorporating benchmarks that were initially placed
beyond the theoretical range of influence to account for the expanding deformation
zone. This poses a challenge for the spatiotemporal analysis of deformation zone evo-
lution due to changes in the reference area regarded as stable. Finally, the seasonal
operation of underground gas storage caverns may lead to oscillating vertical ground
displacements associated with gas withdrawal and injection during the warm and
cold seasons. These short-term movements superimpose on the long-term subsidence
process related to the convergence of voids in the rock salt over time [11, 12].

The other measurement technologies that provide means to determine ground
displacements include total station measurements, unmanned aerial vehicles (UAVs),
light detection and ranging (LiDAR) surveys, photogrammetric surveys [13, 14],
and synthetic aperture radar interferometry (InSAR). A concise comparison of their
strengths and weaknesses is presented in Table 1.

The most widely used airborne methods for producing digital elevation mod-
els and monitoring ground displacement comprise aerial laser scanning (ALS) and
photogrammetric surveys. The former has slightly lower accuracy but offers wider
area coverage. Photogrammetric surveys are suitable for unvegetated sites, whereas
LiDAR surveys penetrate vegetation cover and have a wider range of applications.
A comprehensive review of UAV-based monitoring of mining areas was present-
ed in [15-17], which discussed the benefits and limitations of active and passive
UAYV monitoring in these areas.

InSAR provides a complementary approach to traditional geodetic methods of
ground displacement monitoring, given the growing availability of open satellite
synthetic aperture radar (SAR) data, such as Sentinel-1, as well as derived displace-
ment monitoring products like the European Ground Motion Service (EGMS). In the
case of underground storage sites, INSAR can detect ground displacements over vast
areas with high spatial resolution and sub-centimeter accuracy.

Since InSAR is a remote sensing method, it is necessary to compare the results
with direct on-site measurements to support the verifiability of ground displacement
data. To ensure validation, comparisons with geodetic leveling, fixed-point networks,
or terrestrial reference targets such as corner reflectors are appropriate approach-
es [18]. Achievable accuracies in InNSAR-based monitoring are comparable to those of
geodetic leveling and fixed-point networks, allowing a monitoring cycle of half a year
to one year based on cumulative analysis of shorter, 6~12-day measurement cycles.
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In the absence of spatially congruent control points or corner reflectors, as in
the case of EGMS products, spatial analysis can be applied to determine the relevant
statistical metrics in the defined neighborhood around a given leveling benchmark
for comparative analysis and verification [19].

A general trend toward developing frameworks for multi-tier satellite, UAV,
ground, and underground monitoring systems tailored to site-specific requirements
is emerging. This approach utilizes satellite data for large-scale and high-temporal-
resolution remote sensing, UAV data for medium-area and high-precision monitor-
ing, while in-situ measurements serve as validation for both data sources [17]. This
results in the development of integrated ground displacement monitoring stations
consisting of geodetic control for vertical and horizontal measurements, a GNSS an-
tenna, and a corner reflector, enabling joint processing of multi-source ground
movement data [20]. A laboratory setup incorporating these techniques, as well as
ground settlement and tilt laser meters tested at the Institute of Mine Surveying and
Geodesy (TU Bergakademie Freiberg, Germany), is shown in Figure 1.

Fig. 1. Integrated ground monitoring station test setup at TU Bergakademie Freiberg
(phot. J. Blachowski)

Furthermore, the 6-12-day revisit time of Sentinel-1 enables monitoring of
the temporal evolution of ground displacements over UGS sites, in relation to sea-
sonal gas withdrawal and injection cycles, as well as potential environmental cy-
cles. While numerous studies have been conducted on the applicability of InSAR
to underground gas storage impact monitoring at the ground surface [21-25], each
UGS site is characterized by local conditions influencing the measurements.
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Thus, the aim of this study is to determine the applicability of open satellite data
from the Copernicus Sentinel-1 SAR mission as a complement to standard geodetic
measurements and to provide a reliable tool for monitoring ground deformation
over an underground gas storage site. In this study, the ground movement data
products publicly available through the EGMS within the Copernicus Land Moni-
toring Service (https://egms.land.copernicus.eu/), as well as ground displacements
derived independently from Sentinel-1 data using the Small Baseline Subset (SBAS)
InSAR time-series approach [26] and persistent scatterer INSAR (PSI) [27], have been
evaluated. The assessment focused on key monitoring aspects, including spatial
resolution and coverage, temporal availability, and the influence of topography on
product quality, to identify ground displacements above a medium-sized cavern
underground gas storage site in northern Poland.

2. Study Area

The area of interest (AOI) is located in northern Poland, close to the Baltic Sea
and north of the cities of Gdansk and Gdynia (Fig. 2). The mining concession cov-
ers 1.93 km?, whereas the AQ], spatially congruent with the rectangular envelope of
the leveling lines used for control observations of ground displacements by the cav-
ern underground gas storage (CUGS) site operator, covers 8.69 km?

a) b)

Fig. 2. Location of the area of interest shown with a high resolution orthophotomosaic (a)
and a land cover classification (b)
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The land cover to the north and west of CUGS Kosakowo consists mainly of
meadows and agricultural land. Forest and industrial areas dominate in the south,
whereas in the east, the main land uses are residential and service land. The distri-
bution of the main land cover types is shown in Figure 2b. Different types of land
cover create varying conditions for satellite INSAR observations, as they influence
coherence values [28].

Construction of the storage facility in the Mechelinki rock salt formation began
in 2009, and the first cluster of five caverns started operation five years later. Con-
struction of the second cluster approximately 1 km east of the first was finalized
in 2021. The underground caverns, leached in rock salt, are situated at a depth of
approximately 970 m below ground level. The overburden is made up of Permian
marine sedimentary rocks [29], Mesozoic formations (Triassic, Jurassic, and Creta-
ceous), and Cenozoic deposits [30].

3. Description of Data and Methodology

3.1. EGMS Products

The EGMS provides InSAR results across Europe. InSAR results are derived
from Sentinel-1 SAR data by a consortium comprising four entities, using a per-
sistent scatterer (PS) methodology, complemented by a distributed scatterer (DS)
approach in areas where scatterer density does not meet quality requirements. The
available EGMS ground displacement products comprise Level 2A Basic (line of
sight (LOS) displacements) and Level 2B Calibrated (LOS displacements calibrated
using GNSS observations) products for descending and ascending orbits, as well as
the Level 3 Ortho product, obtained by decomposing the LOS displacements into
vertical and horizontal (east-west) components. The Ortho products are resampled
to a 100 m x 100 m grid due to coverage constraints resulting from, for example, lay-
over effects in topographically varied areas. The data are updated annually, and at
the time of the study, the product available on the EGMS Explorer [31] covered the
2019-2023 period. The EGMS update strategy follows a five-year moving-window
approach. Therefore, the next available dataset will cover the 2020-2024 period.
More technical details on the EGMS products can be found in [32-34]. In this study,
the Level 3 (ortho) product data were used for comparative analysis with results
from Sentinel-1 SAR data processed using the SBAS and PSI algorithms described
in more detail in Section 3.2. The EGMS data are provided as an average of the dis-
placements recorded at nearby PS points.

3.2. InSAR Processing

Interferometric processing within the scope of the study consisted of estimat-
ing ground surface displacements using two independent time-series INSAR meth-
ods, based on Sentinel-1 SAR imagery acquired over the AOL The SAR dataset
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includes images from both ascending and descending acquisition orbits covering
the AQI, enabling the resolution of the two-dimensional displacement field in the
vertical and horizontal (east-west) directions, similar to the EGMS Ortho product.
Two InSAR methods were applied for comparison: PS points were identified us-
ing the SNAP25taMPS approach [35], while the DS analysis was performed using
a modified SBAS approach [36], with interferometric noise evaluated using the
MintPy software package [37]. The PSI analysis involved selecting data points ex-
hibiting sufficiently high-amplitude dispersion in the SAR signal, focusing on point-
like stable reflectors. A single-reference interferogram formation approach, applied
in PSI analysis, enables the detection of PS points over man-made structures and
bare rocks. The SBAS approach, on the other hand, optimizes area coverage by de-
tecting DS points over bare soil and sparsely vegetated areas. The increased spatial
coverage of the SBAS method is realized through minimizing spatial and temporal
decorrelation of the phase signal, achieved by forming interferograms with short
spatial and temporal baselines.

The analysis period for both the PSI and SBAS methods coincided with the
EGMS data for comparative purposes. A total of 321 SAR scenes from the ascending
orbit (orbit number 175), spanning the period from February 17, 2019, to August 19,
2023, as well as 208 SAR scenes from the descending orbit (orbit number 175), cover-
ing the period from February 19, 2019, to August 21, 2023, were utilized in both the
PSI and SBAS processing for uniformity.

The LOS displacement time series were decomposed into vertical and horizon-
tal (east-west) components using the approach widely described in the scientific
literature [38, 39], under the assumption that the north-south component of move-
ments can be neglected due to Sentinel-1s near-polar orbit, which results in reduced
sensitivity of the sensor in this direction. The distributed scatterer (ascending and
descending) datasets derived using SBAS were resampled to a common grid for LOS
projection to vertical, while the PSI datasets were combined using a vector-based
approach, following the method described in [35].

3.3. Comparative Analysis of Ground Displacement Models

The vertical ground displacement models obtained from SBAS and PSI pro-
cessing were compared with those of the EGMS Ortho model using calculated
ground-movement velocities, which are independent of the displacement coordinate
systems of the individual models. The points of the determined ground displace-
ment models were resampled onto the EGMS model grid. Ground displacements
at each grid node were calculated as a weighted average, where the weight was
assumed to be the inverse of the distance to the grid point. The radius of the analyz-
ed neighborhood was assumed to be 70 m. The linear trend of vertical ground dis-
placements was calculated for each grid model node, and the least-squares method
was used to approximate the trend parameters. The comparative analysis included
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the calculation of ground displacement velocities, along with an analysis of errors
in the determined parameters, an analysis of deviations from the linear trend, and
an assessment of the significance of differences between the models. The analysis
was conducted to find an optimal monitoring method that minimizes displacement
determination costs and provides sufficient accuracy to assess the state of ground
surface deformation and the safety of the facility. Detailed time-series analyses will
be the subject of a separate study.

4. Results

In the area covered by the leveling network, delineated by the bounding box
shown in Figure 3, the EGMS model provides ground displacement values and ve-
locities for 290 grid nodes. In the same AQ], the PSI and SBAS models provide 335
and 2036 data points, respectively. Their distribution, shown in Figure 3, is spatially
congruent with the land cover types presented in Figure 2 and corresponds to areas
exhibiting sufficiently high interferometric coherence.

Fig. 3. Spatial distribution of EGMS, SBAS and PSI data points in the study area

The spatial distribution of the measurement points (MPs) is similar for the
EGMS data and the SNAP2StaMPS PSI results obtained over the AOL The SBAS re-
sults exhibit a significantly higher coverage of the AOI and a greater number of MPs
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than the persistent scatterer-based approaches, owing to the ability to detect dis-
tributed scatterers using small baseline interferogram processing. The PS-based ap-
proaches detect MPs only in areas with a single, stable scatterer, while the small
baseline methods achieve a significantly higher MP count in non-urban areas.
Figure 4 shows a histogram of vertical ground displacement distribution in the
three datasets for the 2019-2023 period. While the distributions of the EGMS and
PSI products are similar, the SBAS method exhibits a significant difference in the
displacement values measured over the AOI The difference in the distribution of
the histograms could be attributed to a significant number of MPs detected by SBAS
in arable land and pastures, which are more sensitive to changes in soil moisture
levels and subtle variations in vegetation cover. This could, in turn, cause non-zero
closure-phase errors leading to phase bias in the displacement time series [40].

Fig. 4. Distribution of ground displacements from EGMS, SBAS, and PSI data

After resampling to the EGMS grid, there are 131 PSI and 288 SBAS data points
available in the AOIL The lower number of points in the PSI model results from the
number and spatial distribution of PS points identified for ground displacement
calculations in the project. Their number and distribution are related to the location
of natural persistent scatterers present predominantly in the central, eastern, and
southern parts (Fig. 3). The descriptive statistics for all the considered InSAR prod-
ucts in the UGS area and the leveling network extent before and after resampling are
shown in Table 2.

The vertical ground displacements across all examined models are negative,
indicating systematic land subsidence in the AOIL The maximum registered values
range from —19.7 (PSI) to —184.7 (SBAS) in the five-year period (2019-2023), with av-
erage values of —4.5 to -38.3 mm, respectively. The lowest absolute values of ground



Benefits and Limitations of INSAR-Based Monitoring of Ground Movements... 89

movement velocities were obtained using the PSI technique, whereas the highest
were observed with the SBAS method (Table 2). Determining ground movements
using the PSI technique requires careful analysis and selection of stable scatterers in
each analyzed SAR image, which results in relatively lower mean errors in the time
series of ground displacement estimates and lower mean errors in the approxima-
tion of movement velocities. However, meeting the stringent quality criteria for the
PSI technique typically yields fewer measurement points than the SBAS technique.
On the other hand, the SBAS technique provides more ground displacement mea-
surement points over a broader spatial extent, at the cost of higher mean errors in
displacement and velocity estimates.

Table 2. Statistical data on the available INSAR-derived ground movement products

Parameter EGMS product PSI result SBAS result
Density over the AOI 34 points/km? 39 points/km? 548 points/km?
(leveling extent) 290 points total 335 points total 4,729 points total

. . 28 points/km? 40 points/km? 393 points/km?
Density over the UGS site 54 points total 76 points total 757 points total
Number of resampled as above AQI 16 points/km? AOIL: 34 points/km?*
data points v UGS site: 16 points/km? | UGS site: 32 points/km?
Observation period from 2019-02-12 from 2019-02-17 from 2019-02-17

P to 2023-08-20 to 2023-08-19 to 2023-08-19
Observed displacement max. —47.7 max. —19.7 max. —184.7
over AOI (resampled data) mean -9.5 mean —4.5 mean -38.3
[mm] P median -7.9 median —4.0 median -31.7
std. dev. 7.9 std. dev. 4.8 std. dev. 29.6

Choosing the appropriate InNSAR technique for ground displacement determi-
nation involves a trade-off between the required resolution and the accuracy needed
to detect critical ground displacement values to monitor infrastructure safety. The
differences between the results obtained with the three methods can also be attribut-
ed to the different parts of the study area covered by PSI and SBAS. Therefore, a di-
rect comparison was performed at selected locations.

4.1. Comparison of Vertical Displacement Models
Determined by PSI and SBAS Techniques
with the EGMS Model

The calculated ground movement velocities at the EGMS grid nodes are pre-
sented in Figures 5-7 for EGMS, PSI, and SBAS results, respectively, while basic
movement velocity statistics are provided in Table 3.
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Fig. 5. Velocity of vertical ground movements
in European Ground Motion Service grid nodes (EGMS, period 2019-2023)

Fig. 6. Velocity of vertical ground movements
in EGMS grid nodes determined using the PSI technique (period 2019-2023)
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Fig. 7. Velocity of vertical ground movements in EGMS grid nodes determined
using the SBAS technique (period 2019-2023)

Table 3. Basic statistics of the velocity (V) of ground movements for grid models

. Min. V Max. V Mean V Sfar}dard Number of grid
Grid model [mm/year] [mm/year] [mm/year] deviation of V oints
y y y [mm/year] P
EGMS -9.80 1.9 -1.2 1.41 290
PSI -2.70 0.6 -04 0.57 131
SBAS -20.88 0.4 -4.3 3.56 288

The ground movement velocities in the EGMS model in the studied area
range from —9.8 mmy/year to +1.9 mm/year, while in the PSI model, they range
from -2.7 mm/year to +0.6 mm/year. Notably, at the extreme points of the
EGMS model, PS points are missing for velocity estimation in the PSI model. In
the SBAS model, the absolute values of ground movement velocities are relatively
higher (from -20.8 to 0.4 mm/year) than in the other models. However, the analysis
of differences, accounting for mean estimation errors and a 99% confidence interval,
showed significant differences (Figs. 8, 9) at only a few points in the model.

The higher total ground displacement values and displacement velocities ob-
tained with the SBAS technique result from using different criteria for selecting calcu-
lation points than those used in the PSI technique. These differing criteria, combined
with a larger number of analyzed points, result in larger errors in the determined
ground movement velocities (Tables 3, 4). At the selected points (Table 4), errors in
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the determined velocities of the SBAS model are within 1.2—4.4 mm/year, while in the
PSI model, the corresponding errors are within 0.3-1.2 mmy/year. It should be noted
that vertical ground displacements in the study area during the analyzed period are
relatively small compared with the estimated accuracy of determining a single dis-
placement using the INSAR method, which is characterized by a mean error of £5 mm
(Table 2) and therefore do not indicate significant ground surface deformations.

Fig. 8. Differences in ground movement velocity between the PSI and EGMS models

Fig. 9. Differences in ground movement velocity between the SBAS and EGMS models
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To illustrate the results of the time series and trend comparison, five representa-
tive grid nodes were selected (Figs. 8, 9), and their list, along with the corresponding
ground movement velocities and estimation errors, is presented in Table 4. Points P1
to P5 were selected in the vicinity of the leveling network benchmarks as well as

significant building structures.

Table 4. Mean velocity (V) of ground movements and mean error (i) at selected points of

grid models
Point Veoms MEgms Vst Mipst Vipas Mspas
[mm/year] [mm/year] [mm/year] [mm/year] [mm/year] [mm/year]
P1 -2.3 0.1 -0.7 0.3 2.5 14
P2 -2.9 0.1 -1.3 0.5 -2.8 1.7
P3 44 0.1 -2.7 1.2 -6.7 44
P4 -1.5 0.1 -0.9 0.7 -1.3 1.2
P5 -1.2 0.1 -0.8 0.5 2.6 1.8

Figure 10 presents the time series of ground displacements and their trends for
the representative points (P1-P5) shown in Figures 8 and 9.

The ground displacement graphs and trend lines are consistent with the direc-
tions of vertical displacements within the UGS area. Differences between ground
movement velocity values are statistically insignificant. The few points with signif-
icant differences occur outside the mining area and are likely related to changes in
land use (e.g., newly developed residential areas). All ground displacement velocity
models indicate systematic subsidence. The velocities of vertical displacement were
determined using a linear trend estimate based on the least-squares method. The
mean displacement velocity errors were obtained from the variance-covariance ma-
trix of the fitted models’ parameter estimates. At selected points within the study
area (Table 4), ground movement velocity values range from —1.2 to —4.4 mm/year
in the EGMS model. Slightly higher values are recorded in the SBAS model, up
to —6.7 mmy/year, but this may be due to larger errors in determining ground dis-
placements using this processing technique. These values are within the range of
natural, large-scale vertical movements of the Earth’s crust. The study area, consis-
tent with studies of contemporary crustal movements, is undergoing steady sub-
sidence at rates up to -3 mm/year [41]. It is not possible to clearly assess the impact
of underground gas storage on the observed ground displacement, as the recorded
motions and their trends have not yet exceeded the assumed confidence intervals.
Additionally, an analysis of ground displacement relative to adjacent geological
units is also necessary.
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Fig. 10. Comparison of vertical ground displacements in EGMS grid nodes for PSI and SBAS
InSAR data processing techniques with the EGMSmodel and theirlinear trends for points P1-P5
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5. Discussion

In our study, we assessed the applicability of three different InNSAR-based
products for monitoring vertical ground displacements at a cavern underground
gas storage site in Poland. The facility has been operating for over a decade, with
rock salt leaching beginning in 2010. The temporal and spatial coverage of EGMS,
PSI, and SBAS products obtained for the study area confirms their applicability as
an augmentation to standard leveling-based monitoring. The number of grid data
points, namely 290, 131, and 288 for EGMS, PSI, and SBAS, respectively, compared
to 26 controlled leveling points in two intersecting lines (north—south and east-west),
provides quasi-continuous spatial coverage of the UGS facility and adjacent areas.
Nevertheless, land cover conditions (agriculture and pasture) and a small number of
identified natural persistent scatterers in the AOI result in clustering of InSAR data
points in certain zones, with gaps present in other parts. A proposed solution to
achieve optimal performance of a monitoring system is to establish integrated mon-
itoring stations, combining corner reflectors with leveling control points at sensitive
locations, as described in the Introduction.

The literature primarily presents comparative analyses of the EGMS model
with GNSS measurements at a regional scale [42, 43]. These studies indicate that
displacements exceeding 1 mm/year can be detected in the EGMS model (detection
threshold), and also highlight issues related to averaging values within a grid cell
(e.g., spatial smoothing of local extrema). Compared to precise leveling and relative
measurements, the EGMS model offers lower accuracy for individual points, but
provides better spatial coverage [44]. While leveling measurements ensure higher
local precision at greater cost and with limited spatial extent, the EGMS mod-
el enables the identification of deformation areas at a regional scale. Therefore,
the EGMS model can complement rather than replace precise geodetic measure-
ments [43].

EGMS, an open service providing calibrated InNSAR products that requires no
specialist INSAR processing knowledge or software, offers valuable details about
ground surface dynamics, which can be beneficial for UGS site monitoring. How-
ever, in some use cases requiring routine monitoring with more frequent measure-
ment intervals, it may be necessary to apply the full INSAR processing chain using
a time-series approach to identify deformation patterns. This approach would be
justified especially when there is a need to study a time interval exceeding the five-
year period available in EGMS. Furthermore, a one-year update strategy may over-
look important information on near-real-time surface changes, such as those that
occur during the seasonal operation of UGS facilities.

Based on the time-series analysis of SBAS and PSI data, we determined mean
ground movement velocities over the AOI to be -4.3 mm/year and -0.4 mm/year
for SBAS and PSI, respectively. The maximum and mean ground movement rates
obtained with the SBAS technique are higher than those from the PSI technique,
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possibly due to the larger number of observed scatterers and the greater dispersion
of displacement values, which translates into greater deviations from the trend. Dif-
ferences in ground movement velocity values between the models do not exceed the
99% confidence intervals.

Seasonal variations were observed in the time series of ground displacements
determined using the SBAS method. Their presence cannot be attributed to the op-
eration of the UGS facility. In the analyzed period, the facility did not work in cycles
but maintained a consistently high inventory level. Moreover, the analysis shows
that the periodic components of displacements at points within the UGS area do not
differ significantly from those observed at points outside the study area. Across the
entire region (including areas beyond the influence of gas storage facilities), annual
fluctuating and long-term (5-10 years) components are evident. These may result
from natural movements of the Earth’s crust in Poland, as recorded by permanent
GNSS stations.

The ground displacement values do not yet indicate the gradual manifestation
of surface subsidence caused by the propagation of deformations resulting from
cavern convergence, given the relatively young age of UGS operation. In salt dome
workings located at shallower depths than the site under study, observed motions
range from —2 to -7 mm/year [45—48].

The InSAR method is useful for assessing changes at underground gas res-
ervoir sites relative to adjacent areas and for comparing regional-scale changes
over longer periods [49]. Examining InSAR time series can also help identify and
analyze seasonal trends in ground displacement rates associated with either the
operational cycle of a gas storage facility or natural factors, thereby providing addi-
tional insights into the impact of CUGS on the surface. This approach was adopted
in [12, 25].

A drawback of this method is the oscillation of ground displacement values
relative to the trend line between successive measurements, which at the study site
reach +15 mm, and in extreme cases, 30 mm. It should be noted that deviations from
the trend line are similar at selected points and occur at identical times. Because it is
impossible to precisely assess the accuracy of a single measurement, it is necessary
to verify vertical displacements using direct field measurements at selected points
in the geodetic network. Due to a non-disclosure agreement (NDA) signed with the
cavern UGS operator, the comparison of INSAR-derived ground displacements with
geodetic leveling cannot be published at the present time.

6. Conclusions
Our study presents a comparative analysis of three INSAR-based approaches,

namely EGMS, SBAS, and PSI, as a complement to geodetic leveling in the monitor-
ing of ground displacements over an underground gas storage cavern field.
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Based on the results obtained for a case study site in northern Poland, the fol-
lowing conclusions can be drawn.

The mean velocities of ground movements over the AOI, determined using
three different methods, range from —4.3 to 0.4 mm/year during the analyz-
ed period, indicating systematic subsidence.

The general trend of observed ground displacements is consistent for all three
methods, although differences in magnitude were observed. In representa-
tive test locations within the study area, ground movement velocities range
from -1.2 to 4.4 mm/year in the EGMS model. The values obtained with
the SBAS model reach up to -6.7 mm/year. These differences are attributed
to differences in processing and coherence thresholds between the methods.
It is not yet possible to link the observed ground displacements to the impact
of underground gas storage, as the observed displacements and their trends
have not exceeded the assumed confidence intervals.

PSI and SBAS methods offer higher spatial resolution and denser point
distribution, providing detailed ground displacement fields suitable for lo-
calized deformation analysis. However, these approaches are sensitive to
land use land cover characteristics and have limitations in vegetated areas.
EGMS products offer standardized, harmonized data, currently in a five-year
window, making them suitable for preliminary assessments, despite lower
spatial density in rural or vegetated areas.

Our research demonstrated that INSAR methods are an effective means of
acquiring ground displacement data above underground gas storage sites,
significantly increasing the temporal and spatial density of available obser-
vations.

By comparing the values and accuracy of displacements obtained using
InSAR techniques, we recommend the use of the SBAS technique when low-
er accuracy is acceptable but higher spatial resolution is required. The results
are consistent with leveling measurements, with a mean displacement error
of 5 mm. The displacement results in the leveling network show a uniform,
almost linear trend without any significant fluctuations. However, it should
be noted that the measurements are taken at different intervals. While the
research presented is qualitative, it allows us to identify spatial trends in dis-
placement and potential directions for developing the leveling network and
placing reference benchmarks in new locations.

Comparison with discrete geodetic observations requires the application of
spatial statistics techniques. Installation of corner reflectors and their integra-
tion with geodetic leveling networks is recommended to improve precision
and data reliability.

Last but not least, legal and internal procedures that restrict data access to
the public and the scientific community, as well as the limited availability
of InSAR analysis expertise on the UGS operator side, may pose constraints.
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