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Abstract: Gas consumption is subject to large seasonal fluctuations between the summer season
(period with lower request) and the winter season (time with increased consumer demand). Under-
ground gas storage applications (UGS) help to ensure a steady and reliable supply of natural gas, even
during periods of peak demand, smoothing price fluctuations and providing a means of balancing
the supply and demand of natural gas on a daily, weekly, or seasonal basis. However, UGS activities
can induce vertical ground displacement, which is usually strictly associated with the injection and
withdrawal of gas into/from the reservoir. It is necessary to carefully monitor and manage the
potential impact of UGS activities on the subsurface and surface to ensure the stability and safety of
the local environment. The Interferometric Synthetic Aperture Radar (InSAR) technique can provide
a wide range of high-precision information on seasonal surface deformation associated with UGS
activities useful for increasing the amount of information on ground deformation monitoring. This
study introduces a unique and replicable approach to investigating freely available ground movement
data for a fractured aquifer reservoir located in the Madrid Basin (Guadalajara, Spain), which is
currently employed for seasonal underground gas storage applications. Notably, this study gives a
comprehensive comparison of InSAR results of UGS activity in a deep aquifer, leveraging data that
are entirely open-source and easily accessible. The Yela UGS project exploits a carbonate reservoir
(dolomite) managed, since 2012, by Enagás, the Spanish main Transmission System Operator (TSO).
InSAR data from 2015 to 2021 provided a full and coherent ground deformation pattern of the area.
Based on this data, a fully integrated volumetric variation model was developed, elucidating the
effects of gas storage activity. A significant correlation between the periodic injection/withdrawal
rates of natural gas and InSAR ground deformation over time was identified.

Keywords: underground gas storage; InSAR; monitoring; ground deformation; EGMS

1. Introduction

One of the primary sources of energy used by humans is fossil fuels, which include
coal, oil, natural gas, and biomass. Natural gas is one of the most relevant, as it provides a
fuel source for cooking and heating, in addition to its use as a fuel power station for supply-
ing electricity to homes, businesses, and several industrial processes. Gas consumption is
subject to large seasonal fluctuations due to periods of lower consumer demand (summer
season) and periods of higher demand owing to the necessity of heating (winter season). In
this regard, interest in developing underground gas storage (UGS) facilities in geological
structures such as depleted oil/gas fields, aquifers, and salt caverns is growing worldwide
to create strategic gas reserves. The main purpose of UGS is to accommodate daily to sea-
sonal variations in natural gas demand. Figure 1 shows a typical injection and withdrawal
cycle; the sample data are from the Uelsen UGS facility (Germany). The cycle consists of
two phases: (i) the summer season with high atmospheric temperatures and corresponding
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low demand for natural gas, and (ii) the winter season with low atmospheric temperature
and corresponding high demand. Each reservoir type has its own physical features that
govern its suitability for specific applications [1]. Natural porous strata typically possess a
substantial storage capacity but exhibit lower injection and withdrawal rates. In contrast,
salt caverns often have a more limited storage capacity but allow for higher injection and
extraction rates [2,3].
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Figure 1. Typical cycles of injection (red) and withdrawal (blue) of underground gas storage activity.
Data from Uelsen, Germany [4]).

The worldwide interest in UGS applications is demonstrated by the increasing global
underground gas storage capacity, which reached 475 × 109 Sm3 (Standard m3) in 2022,
more than four times that available in 1970 [5]. In 2016, there were 143 active project sites
in Europe, while by the end of 2021, the number was 160, 35% of which were in Germany
(Table 1) [6].

Table 1. European underground gas storage inventory at the end of 2021 [6].

Country Reservoir Type No. of Projects

Austria Depleted fields 11
Croatia Depleted field 1

Czech Republic Depleted fields, Aquifers, Salt caverns 14
Denmark Aquifer, Salt caverns 3

France Depleted fields, Aquifers, salt caverns 21
Germany Depleted fields, Aquifers, Salt caverns 56
Hungary Depleted fields 6

Italy Depleted fields 15
Latvia Aquifer 1

Netherlands Depleted fields, Salt caverns 6
Poland Depleted fields, Salt caverns 11

Portugal Salt cavern 1
Romania Depleted fields 6
Slovakia Depleted fields 2

Spain Depleted fields, Aquifers 5
Sweden Salt cavern 1
TOTAL 160

The total European underground gas storage capacity is approximately 100 billion m3 [7].
The number and sizes of facilities vary greatly. A total of 73% of the total European capacity
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is concentrated in five states: Germany, Italy, France, Netherlands, and Austria. The
increase in the pressure of the gas stored in existing facilities is one of the most economical
ways of improving the working gas capacity (the amount of gas that can be stored and
extracted) in a UGS reservoir [8]. Typically, the limitation in pressure is set dynamically
following the response to the gas pressure during the filling process; however, these
values do not always represent the maximum short-term pressure capacity of the reservoir.
Therefore, there is a growing demand for reliable procedures that can assess the maximum
operating pressure without compromising safety conditions and negatively impacting the
surrounding environment.

The constant increase in the number and capacity of UGS facilities has increased
the importance of monitoring them. Indeed, UGS activities can induce vertical ground
deformations, leading to subsidence (associated with natural gas extraction) or uplift
(linked to natural gas injection) [9]. Continuous monitoring is paramount to ensure caprock
integrity and the efficiency and longevity of injection/withdrawal wells. The high costs
of in situ monitoring systems, especially when considering the limited spatial density of
the instruments, have paved the way for remote sensing technologies. The latter issue
is the main reason why remote sensing technologies such as Interferometric Synthetic
Aperture Radar (InSAR) are becoming increasingly attractive to companies for monitoring
their activities. Notably, the efficacy of InSAR in monitoring UGS activity is evident in its
ability to detect vertical ground deformation due to UGS operations through time series
analysis [5]. As a result, InSAR is fast becoming a standard technology adopted in many
UGS projects across Europe, offering wide-area monitoring at a fraction of the cost of
traditional methods e.g., [5,9–11]. Additionally, ground deformation data can be linked
to reservoir parameters through geomechanical models [12]. It is essential to carefully
monitor and manage the impact of UGS activities on the subsurface—and indirectly on the
surface—in order to maintain local environmental safety. Such vigilance stems from the
inherent risks of UGS activities, including potential gas leaks from pipelines that could lead
to fires or create flammable methane clouds [13]. Several incidents involving gas leakage
and subsequent fires or explosions have been documented globally [14,15]. Monitoring
three-dimensional land surface deformation, which reflects seasonal stress variations due
to injection and withdrawal activities, is instrumental in managing these risks [10]. Notably,
well failures can result in a catastrophic Loss of Containment (LoC) of natural gas, as
evidenced by the large-scale surface blowout at the Aliso Canyon UGS facility in California
in October 2016 [16,17].

This study shows the potential of using the InSAR approach for monitoring ground
displacement in areas close to UGS facilities. The primary aim of this study is to establish
general guidelines for UGS remote monitoring projects and to delineate the potential and
limitations of freely available InSAR data. In addition, the interaction and correlation
between the injection and withdrawal activities and the surficial ground deformation are
also assessed. The presented approach is based on free and easily accessible European data.

2. Study Area

Enagás, the Spanish main Transmission System Operator (TSO), operates three under-
ground storage facilities in Spain, located in Serrablo (Huesca), Gaviota (an off-shore site
in the province of Biscay), and Yela (Guadalajara) [18]. The Yela underground gas storage
facility is situated in the district of Brihuega, a municipality belonging to the province of
Guadalajara, within the autonomous community of Castilla-La Mancha, approximately
100 km northeast of Madrid. Guadalajara is a province of >12,000 km2 in central Spain. It is
an area of considerable orography and relief, with altitudes between 600 and 2300 m above
sea level, and a continental Mediterranean climate.

Yela UGS exploits 11 wells for injection and withdrawal activities, establishing a
strategic natural gas reserve to address energy supply and demand in central Spain.
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Geological and Geomorphological Setting

The Yela reservoir, a deep aquifer converted into an underground gas storage site in
2012, consists of a saline aquifer in a carbonate succession and covers an area of approxi-
mately 30 km2.

An aquifer can be considered suitable for gas storage if the porous sedimentary rock
formation containing water is overlain with an impermeable cap rock. This situation
allows the gas to remain confined in the reservoir, preventing possible leakage and spillage.
Although the aquifer reservoir behaviour is comparable to one constituted by a depleted
production field, its use for natural gas storage usually requires a larger amount of cushion
gas (i.e., gas not available for withdrawal but needed to ensure a minimum adequate
pressure for UGS activities). Furthermore, the aquifer reservoir allows a lower flexibility in
injection and withdrawal rates. Availability rates can be improved by the presence of an
active water system, which sustains reservoir pressure during injection and withdrawal
cycles (the operation is described in the diagram in Figure 2B). The Yela reservoir is
situated between 2300 and 2550 m below ground level. It resides within the ‘Santa Bàrbara’
formation, which is composed of Cretaceous carbonates (predominantly dolomite) and is
characterised by a widespread network of fractures. This formation is capped and sealed
by evaporitic facies (as shown in Figure 2B) [19]. The geological structure exploited during
UGS activities is an anticline with two tops: (i) the reservoir, made up of dolomite, and
(ii) the seal, consisting of anhydrites, both from the Upper Cretaceous (Table 2).

Table 2. Structural characterisation of the Yela gas storage reservoir.

Structure Geology Characterisation

Seal Anhydrites (Upper evaporitic unit) Upper Cretaceous

Reservoir Dolomites (Santa Bárbara formation) Upper Cretaceous

Hermetic trap Complex thrust system Anticline Alpine

The Yela facility is located in the north-eastern portion of the Madrid Basin, a Cenozoic
basin bounded by the Central System intraplate mountain range to the North and the
fold-and-thrust belt of the Iberian Chain to the North-East (developed in the Cenozoic
era). It has a surface area of more than 20,000 km2 and is characterised by a structure
closely linked to the tectonic evolution of the Central System and the Iberian Chain, which
allows for the presence of considerable hydrological resources. The Madrid Basin formed
on a sedimentary layer composed of a Permian–Triassic clastic succession. This layer was
subsequently overlaid by Middle to Upper Triassic carbonates, which include evaporitic
sequences (notably, sequences from the Jurassic to the Lower Cretaceous are absent in
the area) [20]. The sedimentary history of this basin is largely continuous from the Late
Cretaceous to the Late Miocene. This continuity is indicative of its continental deposition
environment, resulting in a diverse lithology that encompasses sandstones, clays, marls,
limestones, and chalk (as illustrated in Figure 2).

De Vincente et al. [19] designed geological cross-sections from seismic reflection
profiles of the southern boundary of the Central System and the Iberian Chain, which
can recognise a complex thick-skinned thrust system developed during the Cenozoic [19].
Figure 3 shows the easternmost cross-sections of the Madrid Basin.

During the injection process, natural gas is introduced into the porous rock, displacing
the previously stored water. The presence of an active water system can improve the avail-
ability rates as well as sustain reservoir pressure during withdrawal operations. Therefore,
using an active aquifer requires less cushion gas, allowing a higher quantity of working
gas to be injected into the reservoir. The working gas capacity of the Yela UGS site is
1 billion m3, and the total reservoir capacity is approximately double that. The delivery
and distribution of natural gas take place thanks to the national network supervised by the
control centre throughout the gas system based on the diverse demand in different areas
of the country. Monitoring the pressure is necessary because a defined range of values
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must be maintained; the maximum pressure at the system inlet is between 72 and 80 bar,
whereas the minimum is approximately 45 bar [18].
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Figure 2. (A) Localization of the Yela underground storage facility (modified from [21]). (B) Well-log
representation and diagram showing the effects of injection and withdrawal into and from the aquifer
reservoir (key role of groundwater in maintaining aquifer pressure). (C) Detailed geological map of
the NE portion of the Madrid Basin. The grey polygon, elongated in a NE–SW direction, depicts the
deep structural trap where the natural gas is stored (modified from [19]).

It is worth noting that the Spanish Seismic Network, operated by the Geographical
Institute of Spain [22], has recorded a set of microearthquakes since the start of the UGS
activities, with seasonal trends coinciding with injection operations prior to winter with-
drawal [20]. Figure 4 shows the curve of gas volumes stored in the reservoir in relation to
atmospheric temperature and seasonal average rainfall in central Spain [23], and the total
net injection/total gross withdrawal from May 2019 to November 2022.
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3. Materials and Methods
3.1. InSAR Data

The ground displacement induced by UGS activity can be detected using both ground-
based and remotely sensed data. The latter involves non-contact techniques that receive
and record signals interacting with the surface or objects above the reservoir area. Over the
last decade, InSAR has become a widely recognised tool for monitoring storage activities,
taking advantage of the emission/reception sensors mounted on satellites. Its popularity
can be largely attributed to the advent of differential interferometry (DInSAR) techniques.
The working principle of InSAR is rooted in the measurement of the phase difference
of the return signal at each pixel between two radar images. DInSAR revolves around
the analysis of a pair of radar images acquired by a Synthetic Aperture Radar (SAR)
sensor [25]. Specifically, InSAR methods rely on the phase delay of a reflected microwave
(radar wave) to gauge variations in distance along the Line-of-Sight (LoS) direction of the
satellite [12]. The final result of the DInSAR approach is the interferogram, expressing the
phase difference for each pixel of the images acquired from two satellites passing over the
same area. In operational terms, an interferogram is produced by summing the complex
values of one SAR image with the complex conjugate of another image once they are
adequately resampled (co-registered) on the same grid (for more detail see [12,25–28]). The
variation in phase components for each pixel can be represented by the equation:

ϕi = ϕd +ϕa +ϕt + ν

where ϕd represents the phase shift caused by target displacement between the two acqui-
sitions; ϕa denotes the phase contribution resulting from differing atmospheric conditions
during the acquisitions; ϕt is a component related to changes in the acquisition geome-
try, which is highly influenced by local topography; and ν accounts for the noise, which
encompasses thermal, temporal, and geometrical decorrelation phenomena affecting the
phase value of the pixel [26]. The analysis of multiple SAR images (Advanced Differential
InSAR, A-DInSAR) and derived interferograms allows the temporal evolution of ground
deformations to be recovered. The displacement time series are extracted from ground
features with reflective capabilities (e.g., buildings, roads, and rock outcrops) that maintain
an optimal level of coherence during the monitoring period. The literature on InSAR
techniques and applications is extensive. Pixel selection can be performed using different
algorithms [27]. These algorithms usually fall under two main approaches: permanent
(or persistent) scatterers interferometry (PSI [28]) and distributed scatterers interferometry
(DSI [29]). The first group creates a dominant scattering point centre within the resolution
cell and results from a combination of all the signal backscattered by the elements inside,
limiting phase decorrelation effects due to different acquisition geometries (characterised
by high reflectivity values and stable phase values), whereas the second group consists of
ground features that, when considered individually, do not exhibit strong amplitude or a
stable phase. However, when integrated by averaging, their spatial and electromagnetic
homogeneity enables specific algorithms to enhance their radar response (DS are much
more common in natural environments). The result of multi-temporal A-DInSAR analyses
is a deformation map composed of multiple points. Each point is defined by an annual
velocity value and a displacement time series. This product boasts millimetre-level accuracy
and delivers both high temporal and spatial resolutions [11].

The InSAR data used in this study were extracted from the European Ground Motion
Service (EGMS) under the responsibility of the CLMS (Copernicus Land Monitoring Sys-
tem) [30] using the EGMStream application [31]. The EGMS, founded by the European
Commission (under the European Environment Agency’s framework service contract),
constitutes the first application of InSAR technology in monitoring ground deformations
over an entire continent (Copernicus Participating States and the United Kingdom) based
on full-resolution processing of all Sentinel-1 satellite acquisitions [32]. Moreover, a Global
Navigation Satellite System (GNSS) high-quality 50 km grid model was developed within



Energies 2023, 16, 6392 8 of 20

the EGMS to calibrate the InSAR ground motion products. The EGMS provides data from
February 2015 to December 2021 for the three types of products:

• Basic (L2a): This provides InSAR measurements of ground displacement along the
LOS of the Sentinel-1 satellite, covering both ascending and descending geometries;

• Calibrated (L2b): Similar to L2a, this product includes InSAR ground motion measure-
ments that are anchored to a common geodetic reference frame using a large-scale
GNSS velocity model;

• Ortho (L3): This offers vertical and east–west ground deformation measurements.
These are derived from multiple L2b products with complementary acquisition ge-
ometries and are tied to the geodetic reference frame.

These products are available through the EGMS explorer [30]. The four partners that
compose the OpeRational Ground motion INsar Alliance (ORIGINAL) consortium (e-Geos,
TRE Altamira, NORCE, and GAF) operate their own processing algorithms implemented in
the different processing chains based on advanced PS and DS InSAR processing techniques.
However, end products have the same attributes. The characteristics of the algorithms used
by the 4 InSAR Processing Entities (IPEs) are listed in Table 3.

Table 3. Main characteristics of the IPEs chain.

IPE Name of the Algorithm Reference

E-Geos PSP-IFSAR [33]

TRE ALTAMIRA SqueeSAR® [34]

NORCE GSAR-GTSI [35]

GAF/DLR PSI performed with Integrated Wide Area
Processor (IWAP) [36]

The EGMS data and processing methodologies, with the exception of SqueeSAR,
rely primarily on PSI algorithms. InSAR techniques grounded on DS come into play to
supplement PS results, especially in areas where the density of pointwise scatterers falls
short of the project’s standards [26]. Figure 5 provides a streamlined flowchart of EGMS
processing and showcases a visual representation of the three product levels.
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Figure 5. Schematic representation flowchart of EGMS processing [26].

On the AoI (area of interest) of Yela, the InSAR datasets consist of calibrated Sentinel-1
ascending (A15-001 and A16-103) and descending (D16-081) data, and the horizontal and
vertical deformation components are established based on the geodetic reference model data
provided by EGMS [30]. Sentinel-1 data provide time series analyses of ground deformation
measurements from February 2015 to December 2021, with a temporal resolution of 6 days
in both observation geometries until early 2022 and then of 12 days temporal resolution due
to a problem with the Sentinel-1b satellite. As of May 2019, Sentinel-1 data can be compared
with the available data on injected/withdrawal gas volumes provided by Enagàs [18]. The
satellite data cover an area larger than that of the UGS facility in Yela. Table 4 shows the
main characteristics of the Sentinel-1 datasets that were downloaded and used to analyse
ground displacements over the Yela gas storage facility.
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Table 4. Main characteristics of the Sentinel-1 datasets used in this study.

Observation Geometry Layer Name Dataset Scene Time Interval

Ascending Calibrated—level 2B (A15-001) 302 2 February 2015–27 December 2021

Ascending Calibrated level 2B (A16-103) 245 5 March 2015–22 December 2021

Descending Calibrated—level 2B (D16-081) 297 8 February 2015–21 December 2021

Vertical component Ortho—level 3 (vertical) 304 5 January 2016–16 December 2021

Horizontal component Ortho—level 3 (east/west) 304 5 January 2016–16 December 2021

3.2. Ancillary Data

Several non-InSAR datasets (Table 5) were used for the analysis and monitoring of
the Yela UGS site, enabling their comparison with ground displacement data provided by
the EGMS.

Table 5. Ancillary data and descriptions of their purposes.

Ancillary Data Purpose Source

Injection/withdrawal data (daily) Useful for displaying the curve of gas in storage within the reservoir [18]

Volume of gas in storage Comparison with InSAR data [18]

Atmospheric temperature Comparison with InSAR and UGS data [23,24]

Precipitation Comparison with InSAR and UGS data [23,24]

Digital Elevation Model (Spain) 3D visualization [37]

Daily injection and withdrawal data allowed the definition of the temporal trend in the
cumulative volume curve of natural gas in the reservoir, which is crucial for understanding
the relationship between the ground displacement areas recognised by remote sensing data
and the underground gas storage operations. Comparison of storage volumes with surface
displacement time series, considering the temporal displacement and the amplitude of both
curves, allows linking of the effects of ground deformation with UGS activity. Analysis
of historical values of atmospheric temperature and precipitation makes it possible to
confirm the dependence of surface effects on the UGS operations in the survey area. In
addition, the inverse distance weighting (IDW) method [38] was used to estimate the
ground displacement distribution from the EGMS data in 2D and 3D. IDW interpolation
explicitly assumes that things that are near each other are more similar than things that
are far from each other. This method enables the prediction of a value for any unmeasured
location using measured values surrounding the prediction location.

3.3. Volumetric Change Detection

Ground volume changes were assessed by analysing the available MP data using
the 2.5D volume computation plug-in in CloudCompare open-source software v2.12 beta
(CC) [39,40]. The plug-in allows the creation of a grid composed of square bins generated
over the selected study area, with a dimension of 125 × 125 m chosen with respect to
the distance between the MP (100 m). With this approach, all the areas without MP were
regarded as empty cells and were therefore not useful for computing variations in volume.
The average value of the vertical displacements (L3) relative to all MPs falling in a bin was
assigned to the bin itself. This procedure was repeated twice, once taking into consideration
the minimum vertical MP displacement based on the natural gas withdrawal (the maximum
negative displacement value with respect to the average surface elevation) and the second
taking the highest MP vertical displacement during the injection period (the maximum
positive displacement value). The two obtained grids, each with different elevation values
(max z1 and min z2) but the same coordinates (x, y), were used to calculate the variations
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in volumes between the two periods. The calculated volume (V) of the selected area is the
sum of the volumes of each elementary parallelepiped (dV):

V =
n

∑
i=1

dVi =
n

∑
i=1

gs2·∆zi

where i is the number of non-empty MP elementary parallelepiped, gs is the grid step, and
∆z is the difference between the minimum and maximum heights.

4. Results

The displacement maps in the ascending (Figure 6A) and descending (Figure 6B)
orbits show the overall stability of the study area, with local zones showing positive
values indicating motion towards the satellite, e.g., a slight uplift, and negative values
representing motion away from the satellite, e.g., a subsidence trend. The vertical velocity
map (Figure 6C) shows the overall stability of the field area, as does the horizontal velocity
map (Figure 6D). Although the area of interest does not show vertical or horizontal velocity
on ground deformation maps in LoS, a useful time series analysis of the UGS site can be
conducted since it enables the detection of additional information on seasonal variability
as non-linear and seasonality trends.
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and (D) Horizontal Sentinel-1 data collected from January 2015 to December 2021. The grey polygon,
elongated in a NE–SW direction, depicts the deep structural trap where natural gas is stored. The
dotted polygon represents the Yela facility.
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Thanks to the regular acquisition of data from the Sentinel-1 constellation, it is pos-
sible to monitor deformation over time, understand cyclical variations, and investigate
related phenomena. Time series analysis showed cyclical trends, with no general linear
trend, explaining why the average velocity of the areas of interest remained within the
±2 mm/year stability range. In fact, no trends, excluding the cyclicity of the withdrawal
and injection phases, were detected over long periods. This demonstrates the importance
of analysing time series MP data from areas involved in UGS activities to detect details that
may be hidden in the average velocity computed for a given period. The mean velocity
approach is beneficial in continuously deforming regions. However, by merely fitting a line
through a time series to calculate it, most of the information on temporal variability is lost.

Figure 7 shows interpolation maps of the vertical ground information on the MP,
constructed using IDW interpolation [38]. These maps correspond to (A) the maximum
peak (October 2019) at the end of the injection period and (B) the minimum peak (April
2020), indicating the conclusion of the withdrawal period over the Yela field. The temporal
evolution of the vertical displacement component at the Yela site follows a pronounced
sinusoidal trend. This trend correlates strongly with the volume of the gas in storage, both
in amplitude and periodicity, as illustrated in Figure 7C–E. It is worth noting that a slight
shift of approximately 15 days can be recognized, probably due to the time necessary for
the fluid to flow everywhere and create the subsurface response to the overpressure. This
cyclical behaviour is closely linked to the periodic injection and withdrawal of natural gas
into and from the reservoir. Vertical displacement in years with matching data (from the
end of 2019 to 2021, see Figure 7E) shows the maximum and minimum peaks at the end of
each injection and withdrawal period (October/November and March/April).

In this case study, the prominence of vertical displacement over horizontal displace-
ment aligns with the expectations, taking into account the depth of the Yela gas storage,
which is between 2300 and 2550 m deep. Deformations triggered by natural gas injection
and extraction must be progressively relayed from the topmost layer of the reservoir to the
surface, as detailed in [41]. Thus, theoretically, surface deformation effects become more
pronounced the shallower the storage depth is. However, determining this “sealing depth”
or effective depth of influence is not straightforward and several geotechnical factors come
into play, including reservoir porosity, saturation, and other intrinsic properties, as well
as the cap rock’s integrity and thickness [10]. Despite this, the horizontal motion shows
a slight sinusoidal signal in the MP located within the structural trap in the Yela area
(MP1 in Figure 8C), showing a positive trend during withdrawal periods (east direction)
and a negative trend during injection periods (west direction). The behaviour of ground
displacement of a wide area is similar to a bowl both in uplift and subsidence, show-
ing a small component in the centre and outwards during the withdrawal and injection
phases, respectively.

Increasing the scale of the investigation showed two areas with different surface dis-
placement time series behaviours. Three representative MPs in the InSAR-monitored area
were selected inside (MP1 in Figure 8A,B) and outside (MP2 and MP3 in Figure 8A,B)
the structural trap area where the natural gas is stored (represented by the grey polygon).
The analysis of these MPs is useful for analysing the time series of ground displacement
along the vertical and east–west directions. The southeastern area of the Yela underground
gas storage facility (MP2 and MP3) has a phase that is exactly opposite to the vertical
movements observed in MP1. Consequently, as the terrain above the reservoir rises due to
the injection of natural gas, the adjacent areas subside, and vice versa. In contrast to MP1,
the two MPs selected outside the structural trap show no seasonality in horizontal dis-
placement. In addition, it is possible to recognise a slight shift of approximately 20–30 days
between the time series of MP1 and those of MP2 and MP3 (Figure 8C).
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Figure 7. Vertical ground displacement maps of Yela facility constructed using IDW interpolation of
motion data, referring to (A) the period of maximum injection in 2019 (October) and (B) the period of
maximum extraction in 2020 (April). (C) Average time series analysis of selected MP (polygon with
blue dashed border in (A,B)) compared with the curve of gas in storage (at the top). (D) 3D analysis
of ground displacement occurring in the maximum (October 2019–2020) and minimum (April 2020)
peaks at the end of each injection and withdrawal period. (E) Focus on average time series in the
years with data matching the curve of gas in storage (at the top).

The interpolation maps of the basin scale of the vertical ground information of the MPs
generated using IDW [38] on the vertical motion data (Figure 9A) for the maximum peak
(October 2019) at the end of the injection period (Figure 9B) and the minimum peak (April
2020) at the end of the extraction period over the Yela field shows a different response on the
surface (Figure 9). Typically, during the injection and withdrawal processes, the change in
reservoir formation pressure results in noticeable surface deformation. However, when the
reservoir is very deep, the surface ground deformation caused by UGS activities, which is
recognisable in seasonal trend variations, is confined close to the injection and withdrawal
wells [10]. Furthermore, as indicated earlier, the Yela facility area (A1 in Figure 9) and the
external south-eastern area (A2 in Figure 9) show different ground deformation behaviours.
The external area shows the opposite phase of vertical movement, thus the A2 area shows
subsidence during the injection of natural gas, and vice versa during the withdrawal, with
an amplitude value larger than that of area A1. This effect is evident when comparing the
time series of MPs in the two selected areas (see Figure 8C).
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Figure 8. Vertical (A) and horizontal (B) displacement velocity rates. At the bottom is the time series
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the study area. The grey polygon, elongated in a NE–SW direction, depicts the deep structural trap
where natural gas is stored.
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Figure 9. Vertical ground displacement maps constructed using IDW interpolation of motion data
from (A) the period of maximum injection in 2019 (October) and (B) the period of maximum extraction
in 2020 (April). The black dotted lines represent the boundary of the structural trap at a depth at
which natural gas is stored. The red dashed circle represents the Yela field area, and the blue dashed
circle represents the external area (A2) with different and opposite behaviour.

Analysis of volumetric changes between the period of maximum injection in October
2019 and the period of maximum extraction in April 2020 showed a strong correlation
with time series results, highlighting two zones with different behaviours (Figures 8 and 9):
(i) the area above the storage facility, which shows a trend correlated with the gas in storage
(A1 in Figure 9) and (ii) the south-eastern area with an opposite trend (A2 in Figure 9).
The changes in volume were determined through analysis of displacement data obtained
using the InSAR technique (Figure 10). However, it is important to note that, compared
with the actual values, volumes derived from ground point displacements in the Yela area
should be regarded as underestimations. This discrepancy can be attributed to the limited
spatial density of the available monitoring points (MPs) used in this study. The volume
computation performed in CC estimated a negative volumetric change of 1.074 m3 in the
area designated as A1 (Figure 9), which spans approximately 1.5 km2 and includes the Yela
plant (Figure 10B,C). These results support the hypothesis that only a small deformation in
the dolomite reservoir is evident on the surface. The short-term cyclic subsidence/uplift
associated with UGS is limited to the chosen area and is maximum above the 11 wellheads
(see Figure 7A,B).
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Figure 10. Analysis of volumetric changes using CC. In (A), an extended view of all the MPs relative
to the period of maximum injection in October 2019 (Red) and the period of maximum extraction in
April 2020 are shown together. It is evident that inside the white square (Yela UGS site), the green
dots are higher than the red ones. In (B), the green dots represent the MPs used for CC volume
computation, and in (C), the height differences between the maximum injection in 2019 and the
maximum extraction in 2020, assigned to each 125 × 125 m2 grid centres (represented by the coloured
dots), are shown.

5. Discussion

Underground gas storage serves as a vital mechanism for establishing national strate-
gic reserves and ensures a consistent and dependable supply of natural gas. These storage
facilities play a crucial role in maintaining stability in gas networks, allowing for quick
compensation during consumption peaks, especially in winter. Compared with storage
options on the surface, underground gas storage facilities offer the advantage of storing
significantly larger quantities of gas, leveraging natural geological formations for capacity.
However, gas storage activities, which induce continuous stress changes in the reservoir,
can threaten caprock integrity. Since 2012, the north-eastern Madrid Basin area, where
the Yela facility is located, has been exploited for Underground Gas Storage activities. Its
strategic location in central Spain makes Yela a key infrastructure for guaranteeing energy
supply for the country. The UGS Yela site provides great flexibility to the gas system by
exploiting a deep fractured aquifer with an active water system, making it possible to
switch almost seamlessly from injection to extraction, and vice versa. An appropriate
monitoring system and a risk management plan can ensure the safety and stability of local
environments. In this regard, InSAR data can play a key role thanks to the high-precision
measurements of ground deformations. In addition, the huge spatial and temporal ex-
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tension of the InSAR products allows the investigation of the UGS at a low cost (EGMS
data are completely free). Analysis of InSAR measurements can provide accurate surface
deformation data over wide areas, enabling continuous monitoring of UGS activities over
time. While additional data is needed to establish comprehensive guidelines for UGS
management, InSAR technology appears to be a key tool for complementing in situ data,
enhancing facility safety and minimising the risk of gas leaks. One of the main limitations
of the InSAR approach is land cover. Rural areas, with rough terrain and vegetated areas,
have associated low-phase coherence; this results in limited spatial coverage of InSAR
measurement points [42]. Another limitation is the reduced presence of reliable and durable
PS in heavily vegetated and complex mountainous areas [9] where many UGS sites are
located. Despite these issues, InSAR technology is one of the best methods for monitoring
UGS projects. Furthermore, InSAR holds significant potential for future developments. For
example, by comparing ground deformation data with pressure and temperature changes
in the reservoirs, optimal thresholds of injection and withdrawal rates can be identified,
thereby improving the overall management and longevity of the storage system.

InSAR results show a strong correlation between periodic natural gas injection/withdrawal
in the reservoir and corresponding vertical ground deformation around the Yela facility.
Time series results, obtained by comparing the vertical time series of displacements with
the volume of the stored gas, highlight that ground movements in the Yela UGS site are not
associated with seasonal temperature changes in the area. The temperature variation should
show the same behaviour in all MPs, whereas in this case, the seasonality associated with
UGS operations is only recognisable in those up to a maximum distance of approximately
2 km from the injection and extraction wells. In addition, the maximum temperature
in central Spain was recorded in July, August, and September of each year, while the
maximum ground deformation was identified in October and November. The same shift
can be recognised when the minimum temperature (occurring in January and February) and
the peak deformation (identifiable in March and April) (Figure 3) are taken into account.
A discrepancy can also be recognised when rainfall data from the investigated period
is considered.

It is important to note that several earthquakes, identified by the Instituto Geográfico
Nacional [22], have occurred in the study area since the start of UGS activities in 2012.
In most cases, induced seismic activity may be so low that it is not perceived on the
surface. Pérez-Lopez et al. [19] highlighted that the anticline enclosed by the complex
thrust system can act as an effective pathway for gas leakage and can trigger seismicity.
Earthquakes recorded during underground gas storage operations in the Yela field showed
peaks with seasonal trends coinciding with injection operations prior to winter withdrawal.
These seismic clusters appeared annually until 2021, but since the gas storage facility was
working at its maximum capacity, the recorded induced earthquake activities decreased in
frequency and magnitude over the last period (2017 to 2021) [19]. Unfortunately, data on
gas volumes stored in the Yela aquifer are only available from 2019, making it impossible to
determine correlations with ground deformation during the period of maximum induced
seismic activity.

Furthermore, a comprehensive comparison of our InSAR monitoring results of UGS
activity in a deep aquifer with similar studies from other parts of the world is not feasible.
Although there are publications on UGS monitoring in other types of reservoirs [5,41,43],
they primarily highlight the capability of InSAR technology to detect vertical ground
deformation through time series analysis. However, none of these studies utilise data that
is entirely open-source, free, and easily accessible.

6. Conclusions

This study proposes a fully integrated and open-source approach to monitoring
ground movement associated with an underground gas storage system (north-eastern
Madrid Basin, Yela facility). The reservoir is a deep aquifer that was converted into
an underground gas storage reservoir in 2012 and consists of a carbonate succession
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(approximately 30 km2). Reservoir depth varies between 2300 and 2550 m from ground level
and its geology is represented by the “Santa Bàrbara” formation consisting of Cretaceous
carbonates (mainly dolomite) affected by a diffuse fracture network overlain and sealed
with evaporitic facies. The trap exploited during the UGS activity is an anticline with
two tops: (i) the reservoir, which is composed of dolomite, and (ii) the seal, consisting of
anhydrites, both closed by a system of thrusts.

The analysis and interpretation of InSAR data from the Yela case study revealed that:

i. Both ascending and descending orbit mean velocity data demonstrate the overall
stability of the field area;

ii. UGS activity does not influence the average horizontal and vertical displacement
velocities in the field area, aligning with the velocity range across the entire moni-
tored domain;

iii. Time series analysis of displacement is useful for identifying details that may be
hidden in average motion signals computed over a given period. The mean velocity
approach has useful applications in regions characterised by ground deformation
with linear trends, but a lot of information on seasonal variability is lost. With regular
acquisition of data from the Sentinel-1 satellite constellation, it is possible to monitor
deformation over time, understand cyclical variations, and study related phenomena;

iv. A strong correlation is evident between the gas volume curve in the reservoir and the
time series of vertical ground displacements above the facility. This correlation was
confirmed through the analysis of seasonal temperatures and precipitation and the
presence of areas with different surface deformation behaviours;

v. Horizontal displacement is less pronounced than vertical displacement. Despite this,
the horizontal motion shows a slight sinusoidal signal in the facility area, showing a
positive trend during withdrawal periods (east direction) and a negative trend during
injection periods (west direction);

vi. Only a small deformation of the dolomite reservoir (4–6 mm amplitude) was evident
on the surface during the injection and withdrawal of natural gas. The volume
calculation performed in CC estimated a negative volumetric change of 1.074 m3 in
area A1 (see Figure 9) of about 1.5 km2 located in the vicinity of the reservoir between
October 2019 (maximum peak) and April 2020 (minimum peak). The short-term cyclic
subsidence/uplift associated with UGS is limited to the field area and is maximum
above the 11 wellheads (see Figure 7).

vii. Several factors influence these results: the considerable depth of the reservoir (the
shallower the storage depth, the more pronounced the surface deformation effect), the
geotechnical properties of the reservoir (porous aquifers have better elastic properties
than fractured ones), the geology of the area, the injection rate (affects the formation
pressure and stress), and the amount of gas injected and withdrawn;

viii. The southeastern area of the Yela gas storage facility exhibits a different ground dis-
placement behaviour. The latter area shows the opposite phase of vertical movements
analysed for the area above the reservoir. It also has a larger amplitude. This result is
in accordance with a possible normal manifestation of seasonal cyclicity, showing a
positive trend during the winter and a negative trend during the summer.

The strategic significance of InSAR in the domain of underground gas storage (UGS)
monitoring cannot be understated. While individual case studies offer invaluable insights,
adopting a global perspective is paramount for a holistic understanding. As reliance on
UGS facilities intensifies globally, the imperative to consistently and comprehensively
monitor ground deformation becomes even more pressing. InSAR, with its ability to
deliver high-resolution observations across vast regions, provides an optimal solution.
By integrating InSAR monitoring strategies for UGS, we can champion best practices
and safety standards that hold universal relevance. This approach not only aids in the
early detection of potential hazards but also promotes the efficient utilisation of storage
facilities and highlights the broader implications of localized activities. In our quest for
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energy sustainability and safety, global-scale InSAR monitoring of UGS sites is not merely
a recommendation, it is a necessity.

This study serves not only as an exemplification of the versatility of the InSAR ap-
proach but also paves the way for future establishment and calibration of sophisticated
geomechanical models of fractured layers. Such models are indispensable for simulating
and foreseeing the profound deformations of reservoirs. The research results showed that
the InSAR method enables general, regular, and specific monitoring of UGS activities and
shows seasonal trends in vertical displacement above the reservoir. By providing a thor-
ough site-specific perspective, our work offers invaluable insights that could significantly
enhance the management of withdrawal and injection rates. Furthermore, this research can
act as a pivotal reference when assessing effects near UGS facilities, thereby improving the
reliability and safety of operations.
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