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AHann3 akTUBHOCTU 3€MHOM KOPbI C UCMOJIb30BaAHNEM CMYTHUKOBbIX
nsobpaxeHunit Sentinel-1 n rexHonorun INSAR:
nccnegosaHue KOHKpeTHoro cny4as B okpyre KepH, KanugopHus

J. Xaramuadxynex

Poccuiickuii yHHBEpCHTET APYKObI Hapo0B, Mockea, Poccus
D4 khatamiafkuiekh d@rudn.ru

Hcropus craThu AnHOTanus. M3y4eHbl 3akOHOMEPHOCTH CMELIEHHS TPYHTA B OKpYTe
IMocTynuna B pexakimio: 10 mast 2024 . Kepn, Kanmudopuus ¢ ucnonb3oBaHWEM CIYTHUKOBBIX CHHMKOB
Jlopaborana: 27 utons 2024 . Sentinel-1 u TexHuKy MHTEP(HEPOMETPUYECKOTrO pasapa ¢ CHHTE3UPO-
Tpunsra k my6mmkaunu: 12 arycra 2024 r. BaHHOH aneptypoil (InSAR). Jlna u3ydeHus JMHAMHMKHM CMEILEHMS

rpyHra ¢ mpumeHenuem noaxona Small Baseline Subset (SBAS-InSAR)
OB BBITIOJIHEH aHAJIN3 BPEMEHHBIX psitoB. JJIs aHAIN3a CITy THUKOBBIX
nmaHHBIX Sentinel-1, cobpannsix B iepuoz ¢ 2014 o 2022 r., Hemoib-
30BaIoch nporpammuoe odecreuerne LicSAR (Comet Portal) u Habop
oubmmotek Liscbas. st Bocxozsiield opOUTHI epHo HaOIOACHUs
cocTaBWI MpHOIU3UTENBHO 6,6 Toga. Habop maHHBIX aist ucciienoBa-
HUS BKITIO9aeT 256 m3obpaxenunit u 1499 nuarepdpeporpamm. Hucxoms-
mass opOuTa OXBaThIBAJA CEMWJISTHWH IEpUOA, BKIOYaia B ceds
266 u3obpakenuit 1 954 unTepdeporpammel. JlaHHbIe ObUIM pasiio-
KEHBI Ha BOCXOSIINE M HACXOJSIINE OPOUTHI ISl ONIPEICICHUS KaK
BEPTUKAJIBHBIX, TAK M TOPU30HTAJIBHBIX Mojenei cMemenust. OueHka
TOYHOCTH ObUIa IIPOBeJIeHa C Kcnoib3oBanueM 85 cranumii GPS B 1en-
TpanpHOd Kamidoprun. s rOpu30OHTaIBHBIX MOJIENEH CMEIIeHHs
RMSE cocraBuna 1,89 u 3nauenue R-kanpata 0,9, s BepTHKAIb-
HbIx Mojener cmemenuss RMSE 2.4, R-xkaapat 0,94, uyTo yka3biBaeT
Ha BBICOKHMI1 YPOBEHb TOUHOCTH. DTH PE3YJIbTAThl IEMOHCTPUPYIOT 3(h-
¢dextuBHOCTH INSAR B cocTaBneHMHM Mojenell aKTHBHOCTH 3€MHOM
KOpBL. B mpencraBieHHOM HCCIEIOBAaHUU TaKXke OOCYXKIArOTCS Ipe-
HMYIIECTBAa U OrpaHUYCHMs ucrHoib3oBaHus InSAR nm1s oTcnexuBa-
HUSI aKTUBHOCTHU 36éMHOM KOPBI M JAIOTCSI PEKOMEHJALUH JUTS Oy Ay X
HCCIIeIOBAaHUH B TaHHOM MPEAMETHOHN 001acTH.

3asiBjieHHe 0 KOHGUINKTEe HHTEPECOB

ABTOp 3asBIISET 00 OTCYTCTBHH
KOH(JIMKTa HHTEPECOB.

KaioueBblie ciioBa: cMmenieHre 3eMin, HHTepPepoMeTpUIECKUi CHH-
Te3upoBaHHblii paguonokatop (InSAR), Sentinel-1, okpyr Keph.

BaaropapHocTn

ABTOp BBIpa)KaeT UCKPEHHIOK 0JIaroIapHOCTh BCEM YUPEKACHUSIM M YaCTHBIM JIMIIaM, KOTOPbIE BHECIIH CBOM BKJIa]
B 3aBeplilieHne 3Toro uccnenoBanus. Ocobas OiaaromapHocth komanae LicSAR (moprama Comet) u Liscbas toolbox
3a MPeIOCTaBIeHUEe HEOOXOMUMBIX TAHHBIX U TEXHHYECKYIO TIOAJICPIKKY ISl aHauu3a. TakKe BhIpakaeT MPHU3HATEIb-
HOCTb JieTIapTaMeHTy BOJAHBIX pecypcoB Kamudopuuu u ['eonornueckoii cinyx6e CILIA (USGS) 3a ux ueHnyro uHpop-
Maluro U JOCTYIl K JaHHBIM GPS, HUCIIOJIb30BAHHBIM B OTOM HUCCJICJOBAHUU.

JJast uuTupoBanus
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Introduction

Land displacement and ground deformation
present significant risks to infrastructure, natural
resources, and communities, particularly in regions
with extensive industrial activities such as oil and
gas extraction [1]. The extraction of subsurface
resources can lead to changes in land elevation,
causing subsidence or uplift that may result in
damage to roads, pipelines, buildings, and natural
habitats [2]. Monitoring these patterns of displace-
ment is crucial for understanding the impacts of
industrial activities on the environment and for
developing effective mitigation strategies to protect
infrastructure and local communities [3].
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Traditionally, ground-based monitoring tech-
niques, such as leveling and GPS, have been used
to measure land displacement. While these methods
can provide accurate data, they are often limited in
spatial coverage, labor-intensive, and costly when
applied to large areas [4].The advent of satellite-
based Interferometric Synthetic Aperture Radar
(InSAR) technology has significantly improved
the ability to monitor land displacement over wide
geographic regions with high precision [5]. InNSAR
uses radar signals to detect changes in the Earth’s
surface, as shown in Figure 1, making it an effective
tool for identifying even subtle shifts in terrain that
would otherwise be difficult to detect with ground-
based methods [6].

Figure 1. Geometry of Synthetic aperture radar
Source:made by A. Ferretti et al. [6]

Sentinel-1 satellite imagery, when combined
with the Small Baseline Subset (SBAS-InSAR)
approach, provides a robust solution for capturing
both temporal and spatial variations in land
displacement [7]. This study utilized Sentinel-1
satellite data and the SBAS-InSAR technique to
investigate land displacement patterns in Kern
County over an 8-year period from 2014 to 2022.
By analyzing data from ascending and descending

orbits, the study aimed to identify both vertical and
East-West horizontal displacement components,
providing a comprehensive view of ground defor-
mation across the region. Figure 1 depicts the geo-
metry of real aperture radar, which serves as the
foundation for the InSAR technique. This research
aims to demonstrate the effectiveness of InSAR
technology for monitoring land displacement and
to provide valuable insights into the impacts of
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such displacement on infrastructure and natural
resources in Kern County. The findings contribute
to a better understanding of ground deformation
processes and offer data-driven guidance for
managing and mitigating the effects of land
displacement in affected areas.

1. Methodology

The Sentinel-1 satellite imagery, combined
with the SBAS-InSAR approach, was employed to
monitor land displacement in Kern County,
California [7]. This technique enables continuous
tracking of ground deformation, allowing for the
analysis of long-term trends and sudden changes in
the landscape. Sentinel-1 data were processed
using the LICSAR (Comet Portal) and LISCBAS
toolbox to investigate land displacement over
the 8-year observation period. The data were
decomposed into ascending and descending orbits
to identify both vertical and East-West horizontal
displacement components, providing a detailed
picture of ground deformation across the region.

1. 1. Case Study Kern County

Kern County is situated in the southern
portion of the Great Valley in California, bordered
by the Coast Ranges, Sierra Nevada, and Transverse
Ranges [8]. This unique geographic setting contri-
butes to the complexity of land displacement
observed in the region. The study area is depicted
in Figure 2, which illustrates the monitored regions.

1.2. GPS

To ensure the accuracy and validation of the
InSAR measurements, GPS stations were utilized.
These GPS stations provided critical ground-based
data that allowed for the comparison and validation
of the displacement measurements obtained through
the Sentinel-1 satellite data. This integration of GPS
data is vital for confirming the reliability and
precision of satellite-based displacement monitoring.

The GPS stations shown in Figure 3 cover a
broad area across central California, including
Kern County. They served as a key reference for
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evaluating the accuracy of the InSAR-derived
displacement data, ensuring the robustness of the
study’s findings.
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Figure 2. Kern County oil and gas fields
Source: made by K. Okamura, A. Quandt [8]
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1.3. Data Acquisition and Processing

The Sentinel-1 satellite imagery, combined
with the SBAS-InSAR approach, was employed to
monitor land displacement in Kern County,
California [7].This technique enables continuous
tracking of ground deformation, allowing for the
analysis of long-term trends and sudden changes in
the landscape. Sentinel-1 data were processed
using the LICSAR (Comet Portal) and LISCBAS
toolbox to investigate land displacement over
the 8-year observation period. The data were
decomposed into ascending and descending orbits
to identify both vertical and East-West horizontal
displacement components, providing a detailed
picture of ground deformation across the region.

1.4. Sentinel- 1 Satellite Data Analysis

The Sentinel-1 satellite data were collected
and processed using the SBAS-InSAR technique

+
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Products: 1499
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Mazximum network length (years).6.5
GACOS (%):100

Download:Link
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to monitor land displacement in Kern County,
California, from 2014 to 2022. The LicSAR (Comet
Portal) and Liscbas toolbox were employed to
analyze the data. The ascending orbit (LiCSAR
frame ID 137A_05534 131822) covered an obser-
vation period from January 31, 2015, to August 15,
2021, consisting of 256 images and 1.499 inter-
ferograms over approximately 6.6 years, as shown
in Figure 4. The descending orbit (LICSAR frame
ID 144D 05501 131413) covered the period from
November 8,2014, to November 7, 2021, with 266
images and 954 interferograms over 7 years,
as shown in Figure 5.

The acquisition interval was primarily 24 days
before February 18, 2017, and reduced to 12 days
afterward due to the increased observational capacity
from the availability of Sentinel-1B, even though
all the data were acquired by Sentinel-1A. It is
worth noting that the acquisition start dates are not
consistent for all frames because of the non-
uniform observation strategy of Sentinel-1.
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1.5. The LICSAR Processing Chain

The LiCSAR (Lithuania’s SAR) Processing
Chain was utilized for the processing of Sentinel-1
data' [9]. This automated workflow extracts and
merges bursts covering a frame into Single Look
Complex (SLC) mosaics for each acquisition
epoch. The SLC mosaics are then coregistered and
resampled to match the geometry of a primary
SLC acquisition, which is determined during the

Prepare Stack of UNW Data
COMET-LICS web portal

U 7))/ Con. )
GeoTIFF [/ GeoTIFF/%’y
+

0-1. Download

0-2. Convert
(& Downsample)

initialization of the frame. The resampled SLC
data are subsequently used to form interferometric
products, including wrapped and unwrapped
interferograms and coherence maps, by combining
the new Resampled SLC (RSLC) with, by default,
four preceding RSLCs. This process is designed
for efficient batch processing in computer clusters,
ensuring that large datasets are handled effectively
[9]. Figure 6 shows the general flowchart of the
LiCSAR processing chain.
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Figure 7. Workflow of LICSBAS
Source: made by J. Hatamiafkoueieh

71.6. The LISCBAS toolbox

The LISCBAS (LiCS Basic Analysis Soft-
ware) toolbox is another essential tool used for
processing Sentinel-1 data and for monitoring
ground displacement [10]. The toolbox provides a
comprehensive workflow for InSAR data process-
ing, facilitating the generation of high-quality
displacement maps and time series. It is designed
to manage the complexity of InSAR data process-

ing, ensuring accurate and reliable results for
ground deformation studies. The workflow of the
LISCBAS toolbox is illustrated in Figure 7.

The data were decomposed into ascending
and descending orbits to identify vertical and East-
West horizontal displacement patterns. An accuracy
evaluation was conducted using measurements
from 85 GPS stations across central California
[11]. The SBAS-InSAR technique, as processed
through the LiCSAR and LISCBAS tools, proved

I'LiCSAR Project Team. LiCSAR Processing Chain Documentation. 2018. Available from: https://comet.nerc.

ac.uk/COMET-LiCSAR (accessed: 30.05.2024).
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to be a robust method for detecting ground
deformation, utilizing multiple satellite images
taken over time to identify subtle changes in the
Earth’s surface. The dual-approach allowed for the
decomposition of displacement vectors into
vertical and East-West components, providing a
more accurate representation of the deformation
process.

2. Results and analysis

The SBAS-InSAR technique was instrumental
in providing a comprehensive analysis of land
displacement patterns in Kern County, identifying
regions with significant deformation rates that

required further investigation. This approach
allowed for the detection of both subsidence and
uplift trends across various areas, offering a clearer
understanding of the deformation dynamics at
play. To enhance the analysis, the SBAS-InSAR
method was used to construct detailed connection
networks for both the ascending and descending
orbits. The connection network for the ascending
orbit, as shown in Figure 8, illustrates the relation-
ships between interferometric pairs generated
during the observation period in a similar fashion,
the connection network for the descending orbit,
depicted in Figure 9, provides a complementary
viewpoint.

Figure 8. SBAS connection network of the Ascending
S ource: made by J. Hatamiafkoueieh

Figure 9. SBAS connection network of the Descending
S ource: made by J. Hatamiafkoueieh

The decomposition of ascending and descend-
ing orbit data allowed for the separation of different
deformation components occurring on the Earth’s
surface. Generally, ascending data is more sensitive
to vertical deformation, while descending data
better captures horizontal deformation. By analyz-
ing both components, this study effectively
identified the distinct types of deformation affecting
the region, revealing displacement patterns in
two primary directions: vertical, as shown in

258

Figure 10 and horizontal (east-west), as shown in
Figure 11.

The analysis revealed significant and varied
patterns of land subsidence across multiple areas
within Kern County, providing a comprehensive
understanding of the spatial and temporal dynamics
of ground displacement in the region. The most
pronounced subsidence was detected in the South
Belridge area, where ground displacement rates
reached up to 20 mm per year, indicating severe
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subsurface deformation likely linked to intensive
extraction activities and groundwater depletion.
This high rate of subsidence suggests that the
underlying geological structures in this region are

oW W noerw neaorw s oo wararw P
L L f

Horizontal (East-West) Displacement ey

e

eeeeee

» il

wazmieg

Legend
velocity(millimeter per year)

Value
e High : 203053

-y 0 1020 40 60 B0 .
g ol Low : -64.0554 . — — 0 e

Figure 10. Descending Horizontal (East-West)
Displacement Velocity Map
S ource: made by J. Hatamiafkoueieh

In contrast, the North Belridge and Lost Hills
regions displayed subsidence rates ranging from
10-15 mm per year, which, although lower than the
rates observed in South Belridge, still represent
significant ground displacement over time. These
rates of subsidence indicate that while the extraction
activities in these areas may be less intensive or
distributed differently, they still contribute to
noticeable ground deformation. The continuous
monitoring of these areas is essential, as even
moderate subsidence can have long-term impacts
on infrastructure, water resources, and overall land
stability.

The Midway-Sunset region exhibited a more
complex pattern of land subsidence, with moderate
deformation rates that fluctuated throughout the

particularly susceptible to changes resulting from
human activities, such as oil and gas extraction,
which can lead to the compaction of sediment
layers and subsequent ground lowering.
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Figure 11. Vertical Displacement Velocity Map
S o urce: made by J. Hatamiafkoueieh

observation period. These variations suggest that
subsidence in this area might be influenced by a
combination of factors, including variable extraction
rates, groundwater management practices, and
natural geological processes. The presence of
fluctuating subsidence rates underscores the
importance of long-term monitoring to capture the
full extent of deformation dynamics and to
understand the interplay between human activities
and natural environmental factors.

Interestingly, the study also identified areas
experiencing uplift, which is the opposite of
subsidence. This phenomenon is likely attributed
to natural aquifer recharge following periods of
drought, causing the ground to rise as water is
reintroduced into the subsurface layers. Such uplift
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suggests that the region's hydrogeological system
is dynamic and responds to changes in water
availability, highlighting the potential for land
recovery in areas where extraction pressures are
reduced or managed more sustainably.

Accuracy assessment

The accuracy evaluation of the InSAR data
using GPS measurements demonstrated a strong
correlation between the two data sets. The Root
Mean Square Error (RMSE) and R-squared values
for the east-west direction were 1.89 and 0.9,
respectively, indicating a strong agreement between

the SBAS-InSAR and GPS measurements. The
results suggest that approximately 90% of the
variation in the GPS data in the east-west direction
can be explained by the SBAS-InSAR data, as
shown in Figure 12, a — East-West Direction
displacement and East-West Direction movement
in GPS, where y represents the linear regression of
the displacement data, and R*> denotes the
coefficient of determination, and in Figure 12, 5 —
Vertical Direction displacement and vertical
movement in GPS, where y represents the linear
regression of the displacement data, and R* denotes
the coefficient of determination.
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Figure 12. Chart of Registration Between SBAS INSAR And GPS:
a — East-West Direction; 6 — Vertical Direction
S ource: made by J. Hatamiafkoueieh
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In the vertical direction, the RMSE was 2.4,
and the R-squared value was 0.94, signifying
a high degree of accuracy in the InSAR data when
compared to the GPS measurements. This means
that around 94% of the variations in the GPS data
in the vertical direction were captured by the SBAS-
InSAR data. Together, the RMSE and R-squared
values suggest that the InSAR technique is a
reliable method for measuring ground deformation
in both horizontal and vertical directions.

Conclusion

The findings of this study underscore the
significant role of oil and gas extraction, ground-
water pumping, and natural sedimentary com-
paction in contributing to land displacement in Kern
County, particularly in the oil fields. The South
Belridge region exhibited the highest rates of
subsidence, reaching up to 20 mm per year, high-
lighting the critical impact of resource extraction
activities on ground stability. These results are
consistent with previous studies conducted in other
oil-producing regions, where similar subsidence
patterns have been linked to intense extraction
activities, indicating that the extraction processes
are a primary driver of land deformation. The
integration of Sentinel-1 satellite imagery and the
SBAS-InSAR technique proved highly effective
in detecting land displacement at a high spatial
resolution, allowing for a detailed analysis of sub-
sidence patterns over time. By decomposing the
displacement vectors into vertical and east-west
components through the dual-orbit (ascending and
descending) approach, this study offered a more
accurate representation of the deformation processes
occurring in Kern County. This method enabled
the identification of not only subsidence but also
uplift in certain areas, likely due to natural aquifer
recharge following periods of drought, suggesting
that natural geological processes also play a role
in the observed deformation patterns. The study
revealed a strong correlation between the spatial
distribution of subsidence and the locations of active
oil extraction wells, indicating that subsurface
pressure changes from oil and gas production
activities significantly influence land deformation.

Groundwater extraction, which often accompanies
oil production, also contributed to the observed
subsidence rates. The North Belridge and Lost Hills
fields experienced subsidence rates of 10-15 mm
per year, while the Midway-Sunset field displayed
more moderate and fluctuating displacement rates,
further demonstrating the complex interplay between
human activities and natural processes in influenc-
ing ground deformation.
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