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A B S T R A C T   

Many countries and regions build underground gas storages (UGSs) to regulate the energy demand and supply in 
different seasons. The Hutubi underground gas storage (HUGS) in Xinjiang province is the largest UGS in China, 
so it is of great significance to monitor its operation. At present, the researches on the HUGS mainly rely on 
traditional geodetic monitoring (e.g., in-situ leveling and global navigation satellite system (GNSS)), which has a 
short time span and low spatial resolution. The whole-domain and long-temporal sequence surface displacements 
induced by gas recovery (before 2013) and injection/extraction (since 09/06/2013) were seldom reported. In 
this study, the large-scale background deformation was firstly obtained using the ALOS PALSAR data 
(2006–2011), and the displacement time series of the HUGS over 2003–2020 was observed by all available 
Synthetic Aperture Radar (SAR) data from multiple SAR sensors (Envisat ASAR, TerraSAR/TanDEM-X, Sentinel- 
1). The results show that this area had a long history of slow subsidence (2.2 mm/yr) before 2013. Since 06/ 
2013, the surface of the HUGS showed periodic uplift and subsidence with a net uplift. The average uplift rate in 
the center was about 7 mm/yr during 08/2013–07/2015 and 13 mm/yr during 03/2015–05/2020. The defor-
mation has a temporal correspondence with the gas extraction/injection process. The accuracy is assessed by the 
cross-validation of the results of different datasets and the GNSS measurements. The compound dislocation 
model (CDM) is used to model the dynamic displacements caused by gas injection/extraction in HUGS. This 
model can reflect the UGS volume changes and the estimated central depth (3499.7 m) and height (108.6 m) of 
the storage are consistent with the actual central depth (~3585 m) and height (~110 m). We also restore the 
dynamic change of the pore pressure and the injected gas volume during the 5–7 cycles, on the basis of the linear 
relations between gas injection volume, pore pressure, and CDM parameters. In 12/2017, the estimated gas 
inventory of the HUGS is 91.29 × 108 m3, about 4.7% smaller than the real gas inventory of 95.77 × 108 m3. At 
the end of the seventh injection/extraction cycle, the predicted maximum gas injection volume and pore pressure 
reached 11.2 billion m3 and 36 MPa, respectively.   

1. Introduction 

Underground gas storage (UGS) plays an important indispensable 
role in global energy supply, seasonal peak shaving, and strategic 
reserve. The gas injection and extraction in UGS usually lead to surface 
displacement and have triggered seismic activities in the surrounding 
regions (Foulger et al., 2018; Hu et al., 2020). The scale and number of 
UGSs are gradually increasing in recent years (Ding and Wei, 2020). To 
ensure the safe operation of UGS facilities and the stable supply of 

energy, it is necessary to accurately monitor the ground deformation and 
invert the source parameters related to this dynamic process (gas in-
jection/extraction). The Hutubi gas field in Xinjiang province, China, 
has a gas extraction history of about 14 years (1998–2012). On 09/06/ 
2013, it was transformed from a depleted reservoir to an underground 
gas storage, referred to as HUGS hereafter (Pang et al., 2012). HUGS is 
the largest UGS in China with a design capacity of 10.7 billion. Until 
2020, it has been operating for more than 7 years (Jiang et al., 2020). 
Hence, monitoring the surface deformation and inverting the source 
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parameters related to the gas injection/extraction process is important 
to understand the mechanism of the HUGS operation in this region. 

Some studies have observed the surface deformation and analyzed 
the induced earthquakes of the HUGS by different technologies. Li et al. 
(2016) measured the vertical deformation at 13 stations from 2013 to 
2015 by leveling technology. Qiao et al. (2018) used two continuous 
global navigation satellite system (GNSS) stations (2016–2017), 33 
campaign sites (2013–2017), and 30 sets of descending track TerraSAR- 
X (2013–2015) datasets to measure the surface deformation of the 
HUGS. Tang et al. (2018) and Zhou et al. (2019) analyzed the earth-
quake triggering effects of the gas injection/extraction in HUGS using 
seismic wave and the UGS operation information from 2013 to 2015. 
Jiang et al. (2020) conducted quantitative analysis on the geomechanics 
of the seismicity induced by the HUGS through a two-dimensional (2-D) 
hydrogeologic framework on one seismic reflection profile, using the 
horizontal displacement information from 13 campaign GNSS stations 
(2013–2017) and the water well data like Qiao et al. (2018). In these 
studies, leveling, GNSS, and water well data were used to map the sur-
face deformation on HUGS, but the spatial resolution and time span of 
these techniques are limited. Single observation geometry (descending 
track) InSAR dataset was also used to observe the surface deformation of 
HUGS, but the temporal coverage of the dataset is short (2013–2015). 
Therefore, current researches only focus on the deformation or geo-
mechanics in the injection/extraction of the UGS stage (after 2013), 
which has a short time span, ignoring the impacts of the deformation 
caused by historical mining (1998–2012). Moreover, very few in-
vestigations have been done on the large-scale background deformation 
near the HUGS, which, however, is important for understanding the 
spatial-temporal features of surface deformation. Furthermore, the 
proposed deformation models are two dimensional (Jiang et al., 2020) 
or simulate the vertical deformation of some points (Qiao et al., 2018). A 
comprehensive understanding of the long-temporal evolution history of 
the deformation in the HUGS, including gas production and injection/ 
extraction gas stages, is necessary. 

The Time-Series Interferometric Synthetic Aperture Radar (TS- 
InSAR), an active remote sensing technique, has got fast development in 
the last two decades (Berardino et al., 2003; Ferretti et al., 2011; Ferretti 
et al., 2001), and has been widely used in monitoring the surface dis-
placements caused by UGS gas injection and extraction (Codegone et al., 
2016; Foulger et al., 2018; Shirzaei et al., 2016; Shirzaei et al., 2019; 
Verdon et al., 2013). However, its application on the long-temporal 
ground deformation in the Hutubi gas field has rarely been reported. 
In this study, the large-scale background deformation near the HUGS is 
extracted from 16 sets of ALOS PALSAR data (2007–2010) by the small 
baseline subset InSAR (SBAS-InSAR) technology (Berardino et al., 
2003). Then, using an improved TS-InSAR data processing strategy, we 
retrieve the long temporal historical displacement of the Hutubi gas 
reservoir from multi-track SAR datasets, including the Envisat ASAR 
data (2003− 2010), TerraSAR-X data (2013–2015), and Sentinel-1 data 
(2015–2020). The obtained time-series displacement results are vali-
dated through cross-validation between the datasets and with the GNSS 
measurements. Thirdly, using the geological parameters of the HUGS 
storage, the Compound Dislocation Model (CDM) (Nikkhoo et al., 2017) 
is employed to quantify the spatial distribution and magnitude of the 
displacements caused by gas injection/extraction. Finally, the surface 
deformation monitoring, the deformation characteristics, the influ-
encing factors of modeling and prediction of the gas volume and pore 
pressure in the Hutubi gas storage are discussed. The main findings are 
summarized in the Conclusions. 

2. Tectonic setting and operation of the HUGS 

2.1. Tectonic setting 

The HUGS is located in the Changji Hui Autonomous Prefecture of 
Xinjiang Uygur Autonomous Region of China, about 57 km away from 

Urumqi (Fig. 1). The HUGS is on the eastern part of the Manas-Hutubi 
fold, near the southeast-northwest strike, with the shape of an irreg-
ular cloth bag (Hu et al., 2010). It is in the second section of the Lower 
Tertiary Ziniquanzi formation (E1-2z) (Fig. 2). The HUGS is about 20 km 
long from east to west and 3.5 km wide from north to south. The central 
depth of the gas reservoir is about 3585 m, the original formation 
pressure is about 33.96 MPa, and the average formation temperature is 
92.5 ◦C (Cao, 2013; Qiao et al., 2018). There are many blind faults, 
whose distribution is under debate. Pang et al. (2012) and Cao (2013) 
found three faults around the HUGS, named the HTB fault, HTB north 
fault, and Hu001 fault, as shown in Fig. 1 and Fig. 2. Jiang et al. (2020) 
interpreted the faults as a shear fault-bend folding, and they believed 
that only the HTB fault has a clear correlation with the HUGS (Fig. 1). 
The dip angle of the HTB fault ranges from 20◦ to 25◦. Moreover, as 
shown in Fig. 2, there are five thrust-slip faults below the cretaceous 
(K2d). 

2.2. History of gas recovery and injection/extraction 

The mining and evolution of the Hutubi gas field experienced five 
stages since the blowout in 1996: capacity-building (11/1998–11/ 
2000), capacity stabilization (12/2000–04/2011), capacity decline (05/ 
2011–04/2012), transformation (about 05/2011–05/2013), gas storage 
(06/2013 – present). The first three stages are called the gas recovery 
stage (Cao, 2013), and the last stage is the operation stage of the UGS 
after transformation. 

In the gas recovery stage, the main substances extracted from the 
Hutubi gas field are natural gas and gas condensate, accompanied with a 
small amount of formation water. Seven wells worked during this stage 
(Fig. 1(b)). The number of working wells and formation pressure are 
shown in Fig. 3(a) and Fig. 3(b), respectively. During this stage, the 
formation pressure was reduced 20.02 MPa from 33.96 MPa, about 
58.95% (Cao, 2013). 

The gas reservoir transformation took nearly a year. In 06/2013, the 
Hutubi gas reservoir began to inject gas. The native volume of HUGS was 
4.53 billion m3, but the base volume at work was 6.19 billion m3, and 
the design capacity was 10.7 billion m3 (Jiang et al., 2020). Currently, 
there are more than 30 wells related to gas injection and extraction in 
the HUGS (Fig. 1(b)), and 16–24 wells are working (Jiang et al., 2020). 
Fig. 4(a)-(b) show the photos of one well facility. By 05/2020, the HUGS 
has completed 7 injection and extraction cycles. Fig. 3(c) shows the 
average pressure change of the wellheads between 06/2013 and 04/ 
2017 (Jiang et al., 2020). The periodic variation of wellhead pressure is 
highly related to gas injection/extraction, which can also reflect the 
internal pressure changes of the gas storage. The relationship between 
gas injection/extraction process and ground deformation will be dis-
cussed in Section 4. 

3. Datasets and processing 

To monitor and invert the complete ground deformation induced by 
gas recovery and gas injection/extraction in the Hutubi gas field, we 
collect all available InSAR datasets from multi-platform and multi-orbit 
over this area (Table 1). The coverage of the SAR datasets is shown in 
Fig. 1(a). The temporal coverage of the images is shown in Fig. 5. 

3.1. The SBAS-InSAR processing 

The L-band InSAR data have lower monitoring accuracy than the C- 
and X-band InSAR datasets, but they can restrain the spatiotemporal 
decoherence of the interference phase (Daniel and Lu, 2007; Hanssen, 
2001). Hence, we use the L-band ALOS PALSAR images to investigate 
the background deformation around HUGS and the deformation char-
acteristics of the region. First, we obtain a small baseline subset con-
taining 27 InSAR pairs from the 16 ALOS PALSAR images, by setting an 
appropriate spatiotemporal baseline threshold. The small baseline net is 
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Fig. 1. The Hutubi gas field. (a) Location of the Hutubi underground gas storage and coverage of the SAR datasets. (b) Distribution of the gas recovery (red triangles), 
injection/extraction (green inverted triangles) wells, and the GNSS continuous station, HTC1 (blue star). Background image: Google Maps satellite image. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. The stratigraphic structure of the HUGS. The location of this profile is shown by the white solid line in Fig. 1.  
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shown in Fig. S1. Then, the two-pass Differential InSAR (DInSAR) 
approach is applied to process the InSAR pairs (Zebker et al., 1994). The 
Shuttle Radar Topography Mission (SRTM) Digital Elevation Model 
(DEM) at 1-arcsec resolution (Farr et al., 2007) is employed to remove 
the topographic phases, and the multi-looking operation (range × azi-
muth: 6 × 16) is applied to suppress decorrelation noise. The achieved 
resolution in the west-east and north-south directions is about 50 m. 
Finally, the SBAS-InSAR technology is used to process the multiple 
DInSAR pairs to obtain the time-series deformation of large-scale areas. 

The average displacement rate is shown in Fig. 7. 

3.2. TanDEM-X processing 

Using higher precision external DEM can remove the terrain phase 
better and achieve higher geocoding accuracy. Furthermore, the SAR 
images with higher resolution and shorter band wavelength are more 
sensitive to the terrain phase residuals and geocoding errors (Hanssen, 
2001), especially the high-precision TerraSAR-X images. Hence, high 

Fig. 3. (a) Number of working wells. (b) Formation pressure in the gas recovery stage. (c) The variation of the average pressure in the working wells between 06/ 
2013 and 04/2017 (the injection/extraction stage). 

Fig. 4. Photos of (a-b) a working gas well, (c-d) crops, (e-f) a glacier-melt river and an irrigating facility in Hutubi gas field.  
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accuracy external DEM is very important for obtaining deformation time 
series. In this study, we process two TerraSAR/TanDEM-X images ob-
tained on 13/03/2011 (Du et al., 2019) to generate a 5 m resolution 
DEM (Fig. 6, hereafter referred to the TanDEM). This high-precision 
TanDEM is used as an external DEM in the subsequent time-series 
displacement calculation. As shown in Fig. 6, the TanDEM has more 
detailed surface elevation information and stronger descriptive ability in 
local terrain texture than the SRTM DEM with the resolution of 1-arcsec 
(30 m). 

3.3. IPTA-InSAR processing 

We use seven C- and X-band InSAR datasets to monitor the long 
temporal deformation in the gas recovery and gas injection/extraction 
stages of the Hutubi gas field. The Envisat ASAR (C-band), TerraSAR-X 

(X-band), and Sentinel-1 (C-band) datasets are processed by an 
improved Interferometric Point Target Analysis (IPTA) method. 
Considering the acquisition time and spatial resolution of the datasets, 
the 1-arcsec SRTM DEM is employed for the Envisat ASAR datasets (C- 
band) and the generated TanDEM is used for the two latter data. The 
multi-looking operation of 1:5, 2:2, and 5:1 in the range and azimuth 
directions are utilized to suppress the interferometric noise in the ASAR, 
TerraSAR-X, and Sentinel-1 SAR datasets, respectively. Using the 
available 460 SAR images, we generated 1323 interferogram pairs with 
the spatiotemporal baselines in the given thresholds (Table 1). The im-
ages and the spatiotemporal baseline distributions of the interferograms 
are given in Table S1–4 and Fig. S1. The improved IPTA technique in this 
study is based on the IPTA proposed by Werner et al. (2003) and 
GAMMA software (Werner et al., 2000). We use an optimized point 
selection strategy to select high-quality interferometric points (Xiong 

Table 1 
SAR data information.  

Sensors ALOS-1 Envisat ASAR TerraSAR-X Sentinel-1 

Orbit Asc. Asc. Desc. Asc. Desc. Asc. 114 Asc. 41 Desc. 19 

Time period 13/02/2007-09/ 
10/2010 

10/03/2007-03/ 
04/2010 

21/04/2003-26/ 
11/2007 

11/11/2013-20/ 
07/2015 

20/08/2013-23/ 
07/2015 

30/03/2015-20/ 
04/2020 

25/03/2015-21/ 
05/2020 

21/03/2015-26/ 
05/2020 

No. of sets 16 13 25 35 38 113 122 114 
No. of int. 

pairs 
27 25 53 105 90 344 372 334  

Fig. 5. Acquisition dates of the SAR images used in this study. (TX: TerraSAR-X, S1: Sentinel-1).  

Fig. 6. The (a) 5 m and (b) 30 m resolution DEMs generated from TanDEM-X InSAR pairs and SRTM, respectively. The red line shows the location of the HUGS. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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et al., 2020). The results of the above seven InSAR datasets are shown in 
Fig. 8-Fig. 10. 

4. Results 

4.1. Large-scale background deformation 

Fig. 7 shows the average displacement rate monitored by the ALOS 
PALSAR dataset. Seven settling funnels (outlined by black curves) 
distribute north to the gas field (marked by the black curves), with the 
maximum subsiding rate exceeding 50 mm/yr. This region has large 
plantations (147,249 ha in 2018), of which 99.9% needs irrigation (Gao 
and Han, 2019). The main crops in this area are wheat, ensilage, alfalfa, 
corn, and cotton (see Fig. 4(c)-(d)). Of the water supply, 53.5% comes 
from surface water, 46% from groundwater extraction, and the 
remaining 0.5% from intermediate water (Gao and Han, 2019). Inter-
mediate water refers to the water reclaimed from treated wastewater or 
rain. Fig. 4(e) and (f) show the photos of a glacier-melt river and an 
irrigation well in Hutubi, respectively. 

The location of the subsiding funnels is highly related to the plan-
tations, but far away from the HUGS, according to the optical satellite 
images and field exploration (Fig. 7). The nearest funnel to the HUGS is 
about 4 km away. The average deformation rate of this area is less than 
3 mm/yr, so the HUGS is not affected by the settling funnels. 

4.2. Long-temporal historical displacements 

4.2.1. Displacements during the gas recovery stage (04/2003–04/2010) 
Using the Envisat ASAR images from descending (21/04/2003–26/ 

11/2007) and ascending orbits (10/03/2007–03/04/2010), we obtain 
the displacements caused by gas and oil extraction in the gas recovery 
stage (Fig. 8). As Fig. 8 shows, the ground surface of the whole gas field 
is stable, but the gas well concentrated area (in the black ellipse) has 
obvious subsidence. The displacement regions monitored from the two 
orbit datasets have similar area, but different spatial distribution and 

magnitude, due to the differences in image acquisition time and gas 
extraction intensity. 

To quantitatively analyze the surface displacements in the gas re-
covery stage, we select two points (P1 and P2 in Fig. 8) to show their 
time-series cumulative displacements. The time-series cumulative dis-
placements of one single point show that the results of the ascending and 
descending datasets have good continuity in time. The average dis-
placements rate is about 2.2 mm/yr. In the time-series display, we unify 
the time datum by fitting the deformation in the time overlap range (the 
pale-yellow shadow in Fig. 8(c) and (d)), because those two ASAR 
datasets have similar incidence angles (about 22.8◦). 

4.2.2. Displacements during the injection/extraction stage 
We extract the time-series deformation of the HUGS caused by the 

seasonal injection/extraction from the TerraSAR-X (08/2013–07/2015) 
and the Sentinel-1 (03/2015–05/2020) images (Fig. 9). Unlike the sur-
face subsidence at the gas recovery stage (2003–2010), there is obvious 
ground uplift in the center of the HUGS surface. The average uplift rate 
in the center is about 7 mm/yr during 08/2013–07/2015 and 13 mm/yr 
during 03/2015–05/2020. The reason is that the gas field was converted 
from a gas production reservoir to a UGS in 06/2013. In the UGS early 
construction stage, the injected natural gas is more than the extracted 
(Jiang et al., 2020). This increases the reservoir internal pressure and 
forces the formation stress propagate to the surface, causing surface 
uplift. 

The ground uplift center in the TerraSAR-X results is in the black 
ellipse in Fig. 9. The location of the deformation center observed by the 
Sentinel-1 datasets is close to the TerraSAR-X result, but the deformation 
center expands to the northwest, and the deformation area is larger, 
indicating that the deformation region has increased. This is mainly 
related to the construction and development of the gas storage. With the 
repetition of gas injection and extraction, the porosity of the gas reser-
voir medium develops and becomes stable. 

4.2.3. Consistency of the TerraSAR-X and Sentinel-1 results 
As Fig. 9 shows, the results of the datasets with the same acquisition 

time are consistent in the order of magnitude and spatial distribution, 
and the results generated from the datasets of different platforms (Ter-
raSAR-X and Sentinel-1) have good consistency in spatial distribution. 
The cumulative deformation of three points (P1, P2, P3) was selected to 
explain the time-series displacements (Fig. 10). Note that the observed 
geometric parameters of each InSAR dataset are different, but the time 
span of the ascending, descending or adjacent tracks dataset of one SAR 
sensor is roughly the same, and the difference of the projection geometry 
has no effect on the inversion of model parameters in Section 5. 
Therefore, we use the strategy in Section 4.2.1 for time datum 
unification. 

Superposing the well average pressure data (Fig. 3(c)) onto the time- 
series displacement results (Fig. 10), we found a strong temporal cor-
relation between the well pressure change and the surface deformation. 
When inject gas (April to October), the well pressure rises, the formation 
pressure increases, and the ground uplifts fast; when extract gas 
(November to next March), the well pressure drops, formation pressure 
decreases, and the ground uplift stops or subsidence appears. The time- 
series results show that the surface deformation is irregular in the early 
gas injection/extraction stage (2013–2016). With the recycling of in-
jection/extraction, the working pressure of the HUGS gradually becomes 
regular (after 2017). The ground surface deformation caused by for-
mation pressure changes is more significant. In this stage, the injected 
gas is more than the extracted gas, so the surface shows continuous 
uplift. The cumulative displacements of P1, P2, and P3 are 62 mm, 76 
mm, and 58 mm, respectively. 

4.3. Accuracy assessment 

To quantitatively assess the reliability and accuracy of the TS-InSAR 

Fig. 7. The average displacement rate monitored by the ALOS PALSAR dataset. 
The red line outlines the position of HUGS. The black lines outline the obvious 
subsiding funnels in this area. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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results, we compare the average displacement rates extracted from the 
InSAR datasets acquired at the same period, i.e., the TerraSAR-X 
ascending and descending tracks datasets, and the Sentinel-1 
ascending, descending, and adjacent tracks datasets. These results 
show good consistency (Fig. 11), with the difference at most points 
smaller than 3 times the root-mean-square error (RMSE) (between the 
red dotted lines). The correlation between TerraSAR-X ascending and 
descending tracks results, Sentinel-1 ascending T41 and T114, 
ascending T41 and descending T19, descending T19 and ascending T114 
tracks results are 0.52, 0.85, 0.87, 0.84, respectively. The different 
observation geometry of the SAR datasets partially contributes to the 
result discrepancy. Nevertheless, the good consistency between the 
monitoring results can confirm the reliability of the TS-InSAR. 

Moreover, we project the three-dimensional time-series deformation 
results of a GNSS continuous station (HTC1, Fig. 1(b)) to the line-of-sight 
(LOS) displacement of tracks T114, T41, and T19 of the Sentinel-1 
datasets, and compare them with the TS-InSAR results of these three 
tracks (Fig. 12). The difference between the deformation rate of the 
HTC1 observations and the results of T114, T41, T19 tracks are 4.1 mm/ 
yr, 2.4 mm/yr, 3.1 mm/yr, respectively. The consistency between InSAR 
and GNSS measurements also confirms the reliability of the time-series 
results. 

5. Geomechanical modeling 

The migration, exploitation, or injection of underground substances 
(such as magma, natural gas, carbon dioxide) disturb the stress balance 
of strata, change the stratum pore medium pressure and cause land 
subsidence or uplift. Those geophysical processes are usually modeled 
by the full/half-space theory (Okada, 1985, 1992; Shirzaei et al., 2016; 
Suckale, 2009; Xu et al., 2020). Nikkhoo et al. (2017) developed a 
generalized source model for pressurized cavities, called the compound 
dislocation model (CDM). This model uses three mutually orthogonal 

rectangular dislocations, which are free to dip in any direction, to 
represent planer and volumetric source of any aspect ratios. We use the 
CDM to model and estimate the ground deformation caused by gas in-
jection/extraction. 

5.1. Source parameter estimation 

The cumulative deformation in the LOS direction calculated from 
T114, T41, T19 in the same period was selected as the observation 
dataset. The CDM source consists of 10 parameters: centroid location 
(E0, N0, d), rotation angles (ωx, ωy, ωz), semi-axes (a, b, c), and uniform 
opening or closing (u). We establish the local geodetic coordinate sys-
tem, taking the HUGS surface (44.1◦N, 87.0◦E) as the coordinate origin 
and the east, north, and vertical upward as the x, y, z axes, respectively. 
The Poisson’s ratio is assumed as 0.25. The 10 parameters are unknown, 
so we set their original value and the value range, as shown in Table 2. 
The best-fitting model parameters are searched by a nonlinear simulated 
annealing estimation algorithm (Cervelli et al., 2001). And a randomize- 
then-optimize method (500 times) was applied to assess the model 
parameter uncertainties (Bardsley et al., 2014; Xu et al., 2020). The best- 
fitting parameters and the geometric model of the HUGS by the CDM 
model are shown in Table 2 and Fig. 13, respectively. 

The estimated central depth (3499.7 m) and height (108.6 m, 2∙c) of 
the storage are consistent with the actual central depth (~3585 m) and 
height (~110 m). Using the best fitting CDM parameters, we found that 
the potency (the volume of nature gas injected into the UGS, generally 
larger than the volume change of the UGS) is about 1.93 million m3. The 
calculation formula of the potency is Pot. = 4 ⋅ (a ⋅ b + a ⋅ c + b ⋅ c) ⋅ u. The 
deformation in the east-west, north-south, and up-down directions was 
inverted from the estimated CDM (shown in Fig. 14(g-i)) and was pro-
jected on to the imaging geometry of the three track Sentinel-1 SAR 
datasets, respectively (Fig. 14(d-f)). The simulated ground deformations 
of the three tracks have good consistency with the observed results in 

Fig. 8. The average displacement rate calculated from (a) ascending (10/03/2007–03/04/2010) and (b) descending (21/04/2003–26/11/2007) InSAR dataset. The 
red triangles are the gas wells and the magenta star is the unwrapping reference point. (c)(d) Time-series cumulative displacements of the two points (P1 and P2). The 
pale-yellow shadow shows the time-interleaving of ascending and descending track datasets. Background image: 2007 Google Maps satellite image. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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size and distribution. 

5.2. Dynamic process of the gas injection/extraction 

To investigate the expansion and shrinkage of HUGS caused by gas 
injection and extraction, we retrieve the dynamic parameter u from the 
time-series displacements (after 01/2017) of the Sentinel-1 T41 dataset 
using the known CDM geometric parameters. The dynamic opening/ 
closing parameter, u, is estimated by the method stated in Section 5.1. 
The results are shown in Fig. 15, which can react to the changes in the 
gas reservoir volume. The simulated dynamic deformation along the 

LOS direction of the Sentinel-1 T41 track geometric is presented in Gif 
S1. 

As Fig. 15 shows, the uplift and subsidence of the ground surface are 
closely related to the expansion and shrinkage of the gas storage. The 
pressure changes caused by gas injection and extraction break the stress 
balance of the surrounding rock mass, resulting in the periodic uplift and 
subsidence of ground surface. For estimating the gas injection volume in 
the HUGS, we fit the opening/closing of the gas reservoir linearly (green 
line in Fig. 15). The gas reservoir capacity shows continuous expansion, 
which is consistent with the design. We calculate the opening and 
closing of the three complete gas injection and extraction cycles from 

Fig. 9. The displacement rates calculated by the (a) ascending and (b) descending TerraSAR-X data, and the (c) (d) ascending (T114 and T41) and (e) descending 
(T19) Sentinel-1 images. The red inverted triangles indicate the gas wellheads. The yellow diamonds are the selected characteristic points. Background image: Planet 
satellite optical image obtained on 23/09/2016. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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2017 to 2020 (Fig. 15). The gas storage expansion (e.g., ∆u1, ∆u3, ∆u5) is 
larger than the shrinkage (e.g., ∆u2, ∆u4, ∆u6) in each cycle. However, 
the shrinkage is gradually increasing (∆u2 < ∆u4 < ∆u6) and the 
expansion becomes stable (∆uinject. ≈ 0.162), indicating that the gas 
storage is about to reach the equilibrium state of injection and extrac-
tion. With the operation of the HUGS, when the designed volume is 
reached (e.g., the base volume and the design capacity), the gas injection 
and extraction volume will be balance. 

5.3. Coupling between surface displacements and gas reservoir volume 
change 

To highlight the coupling relationship between the gas injection/ 
extraction process and the ground surface displacements, we separate 
the corresponding nonlinear component from the dynamic changes of 
P2 and u in Fig. 15. Specifically, we firstly fit the linear component (e.g., 
the green line in Fig. 15), and then remove them. The remain is the 
nonlinear components of their changes (Fig. 16). Moreover, we collected 
the gas injection schedules of HUGS during 2017–2020 (Table S5) and 
superimposed them on Fig. 16. As Fig. 16 shows, the reservoir expansion 

Fig. 10. The time-series cumulative displacements of three feature points (P1, P2, P3). The green lines show the average well pressure. The light-pink and light- 
yellow shades represent the periodic changes of the ground deformation caused by gas injection and extraction. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Comparison between the results obtained by TerraSAR-X ascending and descending, Sentinel-1 T41 and T114, T41 and T19, T19 and T114 data. The red 
dotted lines denote the three times the root-mean-square error. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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and surface uplift are coincident with the gas injection schedule. In 
addition, the gas extraction and balance stages correspond to the 
reservoir shrinkage and surface subsidence. The subsidence accelerates 
significantly during the extraction stage. The balance stage also has 
reservoir shrinkage, because the internal gas continuously spreads in the 

formation pores after gas injection/extraction. The internal pressure of 
the gas reservoir tends to balance, which reduces the net pressure of the 
gas reservoir on the upper overburden. 

We also collected the local monthly mean temperature of Hutubi 
County from 2017 to 2020 (Fig. 16(b)) and found that the temperature 
has a strong correlation with the gas reservoir operation. When the 
temperature is above ~10 ◦C, the gas is injected into the HUGS. When 
the temperature is below ~0 ◦C, the gas is extracted to maintain a stable 
gas supply (the red dotted lines in Fig. 16). The lowest temperature 
corresponds to the largest gas extraction rate in each cycle (the black 
dotted lines in Fig. 16). Therefore, the ground temperature can be taken 
as a reference for gas injection/extraction, which corresponds to the 
function of UGS. 

6. Discussion 

6.1. Surface displacement monitoring of gas storage 

Qiao et al. (2018) processed the TerraSAR-X dataset spanning from 
29/08/2013 to 13/03/2015 to monitor the deformation of the HUGS (in 
an area smaller than 20 km2) with a 90 m-resolution external DEM. The 
external DEM may have impacts on differential interferometry and time- 
series deformation calculation, such as the fine registration of geo-
coding, terrain residual rejection, and time compliance due to surface 
changes. To demonstrate the effects of different resolution external 

Fig. 12. Comparison between the time-series InSAR results (green squares) and the GNSS observation (grey asterisk). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
The inverted CDM model parameters.  

Parameter E0 N0 d ωx ωy ωz a b c u 

Unit m m m ◦ ◦ ◦ m m m m 
Original 0 0 3500 0 0 − 44 740 2000 55 − 0.2 
Range [− 1000,1000] [− 1000, 1000] [800, 4000] [− 20,20] [− 20, 20] [− 70, − 20] [50, 900] [500, 2500] [20, 90] [− 1, − 0.001] 
Best fit. − 4.5 

±2.5 
− 0.7 
±2.6 

3499.7 
±2.4 

6.4 
±0.4 

− 11.6 
±0.5 

− 48.1 
±0.8 

741.1 
±2.2 

2049.9 
±2.5 

54.3 
±1.6 

0.289 
±0.002  

Fig. 13. The inverted CDM model geometry.  
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DEMs on differential interferometry, we generated one interferogram of 
TerraSAR-X images with the SRTM DEM and one with the generated 
TanDEM (Fig. 17). In the area with great topographic relief (the black 
ellipses), the results generated with the SRTM DEM contain more errors 
related to the terrain. Therefore, TanDEM, which has a higher resolution 
than the SRTM DEM, can bring higher geocoding accuracy and more 
accurately describe the local topography of the area of interest (AOI) 
(Du et al., 2017a; Du et al., 2017b). Besides, the acquisition time of the 
TanDEM (13/03/2011) is much closer to that of SAR data than the 
SRTM data (02/2000). Therefore, using the external DEM with better 
timeliness and higher accuracy brings more accurate results, especially 
when high-precision SAR images (e.g., TerraSAR-X) are used for a small 
research area (such as the Hutubi gas field) monitoring. 

Many technologies have been used to monitor the deformation in the 

HUGS. Leveling and GNSS can get accurate deformation around the 
monitoring stations, but the spatio-temporal resolution of the moni-
toring results is low (Qiao et al., 2018). InSAR can obtain large-scale 
background deformation near the AOI, and can also accurately map 
the local time-series deformation of the AOI. Due to these unique ad-
vantages, InSAR has become an important tool for gas storage moni-
toring. In this study, we used multitrack and multisensor SAR datasets 
and generated the large-scale background deformation and the 
displacement time series of the HUGS in 2003–2020 by an advanced TS- 
InSAR data processing strategy. Our study indicates that TS-InSAR can 
be used in UGS deformation monitoring, and can obtain more defor-
mation information than the traditional in-situ measurement methods. 

The TS-InSAR technology can obtain the whole-domain time-series 
deformation in the AOI, but it is insensitive to the horizontal movement 

Fig. 14. (a-c) the cumulative ground deformation in the LOS direction calculated from track T114, T41, and T19 of Sentinel-1 datasets, respectively. (d-f) the 
simulated ground cumulative deformation in the LOS direction of the three tracks, respectively. (g-i) the simulated three-dimensional deformation of the HUGS in the 
east-west, north-south, and up-down directions, respectively. 

Fig. 15. Dynamic change of the opening (u). P1, P2, P3 are the temporal cumulative deformation of the three feature points obtained by the Sentinel-1 T41 dataset. 
The green line is the trend fitting results of u. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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and only gets the one-dimensional LOS deformation from the three 
dimension surface displacement projection, which is not sufficient to 
describe the deformation characteristics in the gas reservoir area. 
Therefore, using only InSAR technology cannot accurately describe the 
ground deformation in the gas reservoir area with large horizontal 
deformation. Even both the ascending and descending datasets are used, 
the insensitivity to the north-south deformation component introduces 
great uncertainty in the observation (Hu et al., 2014). Therefore, we use 
the InSAR technology to investigate the large-scale background defor-
mation, by which the key monitoring area can be determined to guide 
the layout of ground survey stations and routes. Then, we can accurately 
monitor and describe the ground deformation by combining InSAR and 
ground in-situ measurements (such as leveling and GNSS). 

6.2. Deformation characteristics during gas injection/extraction 

The obtained long-term sequence surface deformation of the Hutubi 

gas field shows that the oil and gas exploitation lasting for 14 years has 
caused small magnitude subsidence. The average displacement rate is 
about only 2.2 mm/yr, because of the large depth of the reservoir (about 
3585 m in the center) and the slow formation pressure drop. As stated in 
Section 2.2, during the ASAR monitoring period, the Hutubi gas field 
was in a stable production stage, with the peak production from 
November to next March, and the low production from May to August 
(Cao, 2013). The periodic variation of the extraction intensity has been 
manifested in the time-series results, as the subsidence accelerates in 
winter and spring, and slight uplift appears in summer and autumn 
(Fig. 8). 

In 06/2013, the gas field was transformed into a UGS, and started gas 
injection. After 14 years’ gas extraction, the internal pressure of the gas 
storage is low (13.2 MPa). To improve the effectivity of gas storage and 
the seasonal peak-shaving efficiency, it is necessary to stabilize and in-
crease the internal pressure to a reasonable range (18–34 MPa) (Jiang 
et al., 2020). The TerraSAR monitoring results (Fig. 9(a)(b)) and the 

Fig. 16. The relationship between the nonlinear variation of the displacements (a) and the opening, and the temperature (b). Light-red, light-green, and light-yellow 
shadows indicate the gas injection stage, balance stage, and extraction stage, respectively. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 17. The DInSAR results estimated using (a) the TanDEM and (b) the SRTM DEM.  
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single point time-series cumulative deformation (Fig. 10) show that the 
surface of the HUGS kept uplifting slowly in 2013–2016. This is because 
the caprock lithology (such as porosity, permeability, tensile/compres-
sive strength) is in a good condition at the early stage of the HUGS, 
which is unlike to cause stress accumulation and volume change. In the 
HUGS, the residual oil and gas, water vapor, and injected gas reached a 
mixed dynamic equilibrium (Chen et al., 2016). These factors combined 
with the great depth of the HUGS lead to a weak ground surface reaction. 
As Fig. 1(b) shows, the gas injection wells are evenly distributed above 
the HUGS, but only a few wells worked in the early stage. With the 
advance of injection/extraction and the stabilization of the storage in-
ternal environment, the working gas volume increaseed, and the number 
of working wells increased to 24 in 2015 (Jiang et al., 2020). The crustal 
stress change caused by periodic gas injection/extraction became more 
significant on the ground surface. 

Codegone et al. (2016) studied a UGS in a depleted gas field in the Po 
Plain (Italy). With a depth of 1200 m, the UGS has been in operation for 
about 30 years. They found that in recent years the surface shows pe-
riodic uplift and subsidence corresponding to the periodic gas injection 
and extraction, and there is no obvious time gap between gas injection/ 
extraction and ground deformation. Furthermore, the uplift and subsi-
dence tend to be equal, and the ground is relatively stable (Codegone 
et al., 2016). The HUGS began operation in 2013, so it is still in the 
initial stage of construction now. We infer that after several extraction/ 
injection cycles, the HUGS will achieve a state similar to the Po Plain 
UGS, that is, the surface has periodic uplift and subsidence, but the uplift 
and subsidence tend to be equal. 

6.3. Modeling of the gas injection/extraction process 

The internal spatial structure and gas storage medium of the UGSs in 
depleted oil and gas reservoirs are extremely complex. Gas is usually 
stored in the rock pores rather than in a tank-like homogeneous cavity. 
The gas storage capacity and exchange efficiency of a reservoir are 
related to porosity, permeability, roar channel (pore throat in rock), and 
water sensitivity of the reservoir rock (Cao, 2013). The lithology of the 
HUGS is dominated by siltstone and argillaceous siltstone. As the gas 
storage layer is heterogeneous, it is difficult to model the real gas in-
jection/extraction process. Besides, the HUGS depth is very large, the 
heterogeneity can be neglected. Therefore, we take the HUGS as a ho-
mogeneous cavity to estimate the CDM parameters. Our model has 
achieved good application in gas storage and the 3-D deformation 
simulation, and can reflect the gas injection and extraction process. 

Jiang et al. (2020) proposed a 2-D geomechanical model for the 
HUGS. They simulated and analyzed the dynamic gas injection/extrac-
tion, the surface deformation, and Coulomb stress perturbation in a 
vertical section of the HUGS (the white solid line in Fig. 1(a)). In their 
results, the radius of the affected area is 3 km, which is consistent with 
our results (Fig. 14). The HUGS is in an industrial area that has small 
groundwater demand, but there may be pockets of groundwater 
extraction and local subsidence. Our InSAR monitoring results show a 
small region with land subsidence in the eastern part of the HUGS, close 
to the GNSS stations used in Jiang et al. (2020). Jiang et al. considered 
this subsidence in their model. However, their model cannot well 
describe the spatial distribution of the deformation, due to the low 
spatial resolution of the input data (i.e., sporadic observations at several 
points or single profile),. Nevertheless, both the CDM model and Jiang’s 
model can reflect the dynamic gas injection/extraction of the HUGS, and 
the modeling results are consistent in the influence area radius and 
deformation periodicity. 

Near the HUGS, the surface deformation is mainly caused by gas 
injection and extraction, but complex geological and human activities, 
especially excessive exploitation of shallow groundwater also contribute 
to the local surface deformation. According to Qiao et al. (2018) and 
Jiang et al. (2020), the ground subsidence caused by groundwater 
exploitation accelerates in summer, and slows down or even turns to 

uplift in winter. Such variation is contrary to that of the periodic 
deformation caused by gas injection and extraction. Therefore, the 
contribution of large-scale groundwater exploitation to land subsidence 
also should be considered. It may reduce or cancel the seasonal defor-
mation caused by gas injection and extraction, which may lead to un-
derestimation, misunderstanding and even wrong conclusion of ground 
deformation. 

6.4. Prediction of the gas volume and pore pressure 

The gas volume and pore pressure are important parameters for UGS 
safety operation. Jiang et al. (2021) obtained the gas volume and cor-
responding pore pressure changes of the HUGS during the first 5.5 gas 
injection/extraction cycles (Fig. 18(a)). The gas volume and pore pres-
sure change datasets from 31/03/2017 to 08/10/2018 (light-green span 
in Fig. 18(a), coincides with the dynamic change of the opening in 
Fig. 15) were used to fit those relationships. We uniformly select 13 
volume and pressure points in the dataset (green and magenta dots in 
Fig. 18(a)), and find a significant linear correlation between them (blue 
dots in Fig. 18(b)). As stated in Section 5.1, the potency value inverted 
by CDM (referred to the CDM potency) is also related to the gas injection 
volume. To explore the relationship of the potency, the pore pressure 
and gas volume, the CDM potency at the acquisition time of these 13 
points was correlated to the pore pressure and gas volume changes. The 
result shows a strong correlation between them. Thus, the linear models 
between the pore pressure, gas injection volume, and CDM potency are 
obtained (the red lines in Fig. 18(c-d)). 

On the basis of these obtained linear models (Fig. 18), the dynamic 
changes of the pore pressure and the injected gas volume during the 5–7 
cycles (Fig. 19) can be retrieved. In 12/2017, the gas inventory in HUGS 
was 95.77 × 108 m3 (Liu et al., 2019), and the corresponding forecast 
value is 91.29 × 108 m3, with a deviation of about 4.7%, indicating good 
agreement between the predicted and monitored values. From the pre-
dictions, the gas injection volume and the working pressure of HUGS are 
now close to the designed maximum value, which is consistent with the 
practice (Jiang et al., 2021; Liu et al., 2019). The predicted maximum 
gas injection volume and pore pressure at the end of the seventh injec-
tion cycle (around early 10/2019) reached 11.2 billion m3 and 36 MPa, 
respectively, which are 4.8% and 5.9% larger than the design threshold, 
respectively. 

The capacity and pressure of the HUGS predicted by the CDM and the 
estimated linear model may have bias, because of the rough input data 
and the simple linear model. The actual relationship between the CDM 
potency model and the gas injection volume (or the pore pressure) is 
very complicated (Teatini et al., 2011). Furthermore, many factors, such 
as the accuracy of the InSAR measurement, the geometry of the CDM 
model, and the structure of the crustal, also affect the prediction accu-
racy. Hence, a more accurate quantitative analysis needs more precise 
observation and an accurate model. Here only utilizing the InSAR 
measurements to predict the first-order function of gas volume and pore 
pressure provides a useful reference for the safe operation of the HUGS 
and other similar gas reservoirs. 

7. Conclusions 

We investigated the large-scale background deformation and 
retrieved the temporal and spatial evolution of the long temporal 
deformation in the Hutubi gas field. The results demonstrate that the 
HUGS is not affected by the large-scale settling funnels, and the defor-
mation in this area has a significant correlation with the exploitation 
history. The deformation developed in two stages. In stage one, the 
ground subsidence was caused by oil and natural gas exploitation. In 
stage two, the gas field was transformed into a UGS, and the surface 
showed periodic uplift and subsidence related to gas injection and 
extraction. The monitoring results show that the subsidence in the 
Hutubi gas field is slow and small. At the initial operation stage of the 
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UGS (2013–2016), the surface deformation is not obvious, because oil, 
gas, and water are in a mixed dynamic equilibrium state. However, with 
the increase and regularization of gas injection and extraction, the sur-
face deformation becomes significant (especially after 2017). The cross- 
validation between independent observations of each orbit shows that 
the correlation between TerraSAR-X ascending and descending, 
Sentinel-1 ascending T41 and T114, ascending T41 and descending T19, 
descending T19 and ascending T114 tracks results are 0.52, 0.85, 0.87, 
0.84, respectively. Moreover, the InSAR and GNSS results show the same 
trend of ground surface deformation. The difference between the 
deformation rate of GNSS observations and the results of T114, T41, T19 
tracks are 4.1 mm/yr, 2.4 mm/yr, 3.1 mm/yr, respectively. 

The CDM was used to model the ground deformation associated with 
the HUGS gas injection and extraction. The geometric parameters of the 
CDM model were inverted from three tracks of Sentinel-1 datasets. We 
obtained the dynamic expansion and shrinkage of the HUGS and the 
corresponding ground dynamic uplift and subsidence. The inverted 

parameters and the known geological parameters of the HUGS have 
good consistency in depth, range, and dynamic process of gas injection 
and extraction. Moreover, by calculating and fitting the parameter of 
opening/closing (u), we found that the HUGS is now in the expansion 
stage, but the shrinkage is increasing gradually and the expansion be-
comes stable. This indicates that the gas injection and extraction are 
going to reach the equilibrium state. We infer that the HUGS will reach a 
dynamic equilibrium between opening and closing after a few years, i.e., 
the overall average deformation rate of the surface will tend to be zero. 
Finally, the gas injection volume and the pore pressure change dynamics 
were predicted. The predicted gas volume of the HUGS in 12/2017 is 
91.29 × 108 m3, which is 4.7% smaller than the real gas inventory of 
95.77 × 108 m3. The predicted maximum gas injection volume and pore 
pressure at the end of the seventh injection cycle are 11.2 billion m3 and 
36 MPa, respectively. 

This study provides a prototype scheme for retrieving and modeling 
the whole-domain and long-temporal ground deformation induced by 
nature gas injection and extraction in UGS. Using multiple InSAR data, 
we can get a clear understanding of the long-term deformation history 
and development trend of the UGS. Moreover, considering the strati-
graphic structure, temperature, precipitation, shallow/deep ground-
water exploitation, and local anthropogenic disturbances will improve 
the monitoring and modeling of the deformation associated with UGS 
operations, which is also the focus of our future researches. 
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