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GENERAL DESCRIPTION OF SCIENTIFIC WORK

Relevance of Research

The use of Interferometric Synthetic Aperture Radar (INSAR) is becoming increasingly important
for studying natural and man-made processes. Synthetic aperture radars continuously capture the Earth's
surface, regardless of the time of day or weather conditions. Repeated imaging of the same area is
conducted every 6-12 days. Based on the obtained data, interferograms are created, allowing for the
rapid monitoring of crustal displacements and modeling of natural and technological processes.
However, there are still many unresolved issues in the field of radar data processing, some of which are
addressed in this dissertation. This determines the relevance of the research topic.

Degree of Development of Research Topic

The technology has significantly evolved since its emergence in the 1950s, transforming into a
reliable method for Earth observation (Massonnet and Feigl, 1998; Hanssen et al., 1999; Hanssen, 2001,
Rosen et al., 2000; Rott, 2009; Mikhailov et al., 2014). The ability of INSAR to acquire phase information
from ground objects and its relative resistance to weather conditions make it a valuable tool for round-
the-clock, all-weather Earth observation, offering a cost-effective and efficient alternative to manual
measurements (Liu et al., 2019; Mikhailov et al., 2023).

In the Russian Federation, the number of studies related to the application of INSAR interferometry
has steadily increased in recent years. In addition to the Institute of Applied Geophysics (IFZ) of the
Russian Academy of Sciences (RAS), theoretical and methodological aspects of this technology are
being studied by scientists such as RAS academician V.G. Bondur and his team from the Institute of
Aerocosmos, A.l. Zakharov, L.N. Zakharova, and their colleagues from the Fryazino branch of the V.A.
Kotelnikov Institute of Radio Engineering and Electronics of the RAS, Yu.A. Kashnikov and his co-
authors (Perm National Research Polytechnic University), T.N. Chimitdorzhiev (Institute of Physical
Materials Science, Siberian Branch of RAS), V.G. Kobernichenko, A.V. Sosnovsky (Ural Federal
University named after the first President of Russia B.N. Yeltsin), and A.V. Evtyushkin and his
colleagues from the Baltic Federal University named after 1.Kant.

The Differential INSAR (D-InSAR), an extension of INSAR (Bondur et al., 2022), has led to the
development of dynamic INSAR measurement techniques (MT-INSAR), such as Persistent Scatterer
INSAR (PS-InSAR), Small Baseline Subset INSAR (SBAS-InSAR), and Distributed Scatterer INSAR
(DS-InSAR) (Massonnet and Feigl, 1998; Pepe and Calo, 2017; Ferretti et al., 2001; Zhu et al., 2018;
Bondur et al., 2019). Each method has its own set of advantages and disadvantages, with SBAS-INSAR
being distinguished by its ability to minimize atmospheric noise compared to PS-InSAR (Du et al., 2021;
Feoktistov et al., 2017; Bondur et al., 2023). As the number of radar satellites launched increases, the
availability of data for monitoring the Earth's crust activity also expands.

The use of the Small Baseline Subset (SBAS) method, compared to traditional INSAR methods,
offers several advantages, including reduced dependence on weather conditions, leading to more
accurate and reliable measurements of crustal dynamics. This approach enhances the coherence of
measured signals by utilizing small baseline subsets, providing higher quality deformation maps with
increased spatial resolution and temporal coverage, relative to classical methods. The expanded
capabilities of SBAS INSAR are particularly valuable for monitoring small and localized deformation
phenomena related to fault dynamics, fluid injection or extraction, and subsurface processes at oil and
gas fields. Furthermore, SBAS InSAR offers flexibility in data processing and analysis, enabling the
simultaneous use of multiple SAR datasets from different satellites and sensors. This multi-platform
approach allows for the creation of precise surface dynamics maps.

To obtain surface deformation data using SBAS-INSAR, small subsets of baselines are selected
based on spatial and temporal threshold values. Currently, there are three main selection methods.



First, setting only a temporal baseline threshold, as demonstrated in the study (Mohammadimanesh
et al., 2019) for estimating surface deformations in the Yukon region, Canada. This method is typically
used in areas with low coherence, such as mountainous and dense forest regions, effectively reducing
temporal decorrelation.

Second, setting only a spatial baseline threshold, as shown in studies assessing deformations in
Western Indonesia (Chaussard et al., 2013) and identifying deformation patterns in Tuscany (Kim et al.,
2015). This approach effectively reduces topographic error impacts but requires high data coherence,
making it more suitable for long-wavelength radar data.

Finally, setting both temporal and spatial baseline threshold values — the most used method with a
wide range of applications. This approach has been used in various studies, including landslide
monitoring (Zhao et al., 2012) and monitoring urban deformations in Shanghai, Shenzhen, and Wuhan
(Tizzani et al., 2007; Chaussard et al., 2014).

In typical SBAS-INSAR applications, a fixed temporal baseline threshold is used to ensure
coherence, but this can lead to decorrelation errors in scenarios with changing ground conditions, such
as varying vegetation cover (Zhou et al., 2017; Mohammadimanesh et al., 2019). The proposed research
Is the first attempt to model the reliability of SBAS.

Objects of Study

Are seismically active areas of land surface displacement associated with oil and gas fields.

Subject of Study

Are methods for processing radar data using Differential Interferometric Synthetic Aperture Radar
(D-InSAR) and its extensions, such as the Small Baseline Subset INSAR (SBAS-INSAR) method, for
monitoring the dynamics of land surface displacement and improving measurement accuracy.

Purpose and Objectives of Study

The object of research is to develop methods for processing satellite multi-temporal composite
radar data to determine the deformation of the Earth's crust, including in oil and gas field areas. To
achieve this goal, the following scientific and technical tasks were addressed:

e Develop and Apply SBAS-INSAR for Monitoring Land Displacement: Utilize the SBAS-
INSAR technique through the LICSBAS toolbox and Comet Portal to monitor land displacement,
leveraging Sentinel-1 satellite data for precise, time-sensitive measurements of ground movement.

e Analyze and Interpret Displacement Patterns: Conduct an in-depth analysis of SBAS-INSAR
results to identify possible hazards and underlying causes of land displacement in oil and gas field areas,
correlating observed surface changes with contributing factors.

o Evaluate Methodology and Technical Constraints: Assess the limitations and challenges of the
SBAS-INSAR technique in capturing land displacement within oil and gas fields, considering issues like
atmospheric interference, topographic effects, and data decorrelation.

e Enhance SAR Data Accuracy for Improved Monitoring: Implement methods to enhance the
accuracy of SAR data in tracking land displacement, aiming to produce high-quality, reliable
displacement maps and time series analyses.

¢ Validate Methodology Against GPS Data for Reliability: Assess the reliability and accuracy of
displacement measurements by comparing INSAR results with GPS station data, validating the methods
for monitoring ground dynamics and ensuring robust data interpretation.

e Investigate Factors Affecting Land Displacement. Analyze the factors influencing surface
displacement within oil and gas fields, including oil extraction, groundwater pumping, and natural
subsidence, to understand their combined effects on the Earth's crust dynamics and spatial displacement
patterns.



Methodology and Research Methods

The work develops methods for assessing displacements on natural and technogenic objects using
Sentinel-1 satellite data. The method of Small Baseline Subset (SBAS) is applied to study displacements
based on a series of multi-temporal images. In addition to this method, LICSAR — a specialized analysis
system developed specifically for use with INSAR data is employed.

The research examines the main analytical methods, including the creation of interferograms, the
application of time-series analysis techniques, such as image masking to remove noise and artifacts, the
calculation of interferometric coherence, standard deviation of velocity, and other parameters important
for determining crustal displacement models. Methods of spatiotemporal filtering are also used to
enhance the clarity and accuracy of results, along with the decomposition of satellite data from ascending
and descending orbits to identify vertical and horizontal displacement patterns.

Purpose of Study

The target of research is to provide a comprehensive understanding of the dynamic behavior of
land surfaces within oil and gas fields, both geophysical monitoring practices and computational
methodologies. Through the integration of advanced computational techniques, such as image
processing and data analytics, this thesis seeks to enhance the efficiency and accuracy of multi-temporal
monitoring, thereby improving the reliability of land surface displacement assessments.

Scientific Novelty of Research

e A new approach to semi-autonomous extraction of millimeter-level deformations from InSAR
radar time series is proposed, aimed at providing a comprehensive understanding of the dynamic
behavior of the Earth's surface within oil and gas field areas.

e A new structure for analyzing temporal changes in displacement patterns with high spatial
resolution is introduced. The integration of detailed accuracy assessment methods, including comparison
with GPS station data, enhances the reliability and justification of the developed methods.

¢ A method for Solving the ill-posed equation by CSBAS method addresses the ill-posed nature
of the equation by introducing the minimum norm benchmark equation, which acts as a foundational
constraint to stabilize the solution process.

¢ A method for measuring multidimensional deformation using time series of SAR images from
both ascending and descending satellite orbits is proposed.

e A methodology for monitoring land surface displacement in areas with low coherence and
varying degrees of spatiotemporal decorrelation is developed by tracking pixel displacement.

Practical Significance

The results obtained in this dissertation can be highly valuable for radar data processing,
determining crustal deformations, and assessing the impact of oil and gas field development. In
particular, the developed methods and software-algorithmic complex can be applied for:

¢ Identifying land subsidence, including in oil field areas.

¢ Planning and maintaining infrastructure. The use of land subsidence data in infrastructure
development projects enables decision-making during construction in high-risk zones and determining
measures to protect existing infrastructure from potential damage caused by surface deformations.

e Developing sustainable management strategies that balance resource extraction with minimal
environmental impact. The research highlights the relationship between land surface deformation and
oil and gas production, groundwater extraction, and natural compaction processes.

e Environmental management, land resource management, and resource extraction industries.
Several key practical aspects stand out from this research:

e Development of action plans for emergency situations related to ground movement.



Theoretical Significance of Research

results lie in their potential for use in scientific studies aimed at improving technologies for
analyzing land surface movement in oil and gas fields, enhancing the accuracy and reliability of
monitoring technologies.

Main Provisions Submitted for Defense

e A method for processing Interferometric Synthetic Aperture Radar (INSAR) data to determine
crustal mobility in oil and gas field areas.

¢ A method for processing radar data using SBAS-INSAR (Small Baseline Subset INSAR) with
the Small Baseline Subset (SBAS) technique, which enables the detection and measurement of land
displacement over time.

¢ A methodology for processing INSAR time series using extended interferograms and coherence
analysis.

e A software package that facilitates the processing of INSAR data, enabling the creation of high-
quality displacement maps for various time periods.

Approbation of Research Results

The key concepts and findings of the research were discussed and presented at international
scientific conferences:

- 13th International Conference AARSE 2022, "Space and Geospatial Technologies for the Africa
We Want" (Kigali, Rwanda, 28.10.2022).

- International Conference on the Application of Remote Sensing and Space Sciences. Cham:
Springer Nature, Switzerland (Hurgada, Egypt, 10.12.2022).

The dissertation topic has resulted in 9 publications, including 9 articles in indexed journals
(Scopus, WoS).

Degree of Reliability of Results

The developed models are based on verified facts and data, consistent with published experimental
and theoretical results on the dissertation topic.

Commonly accepted optimization and modeling methods based on theories that have proven their
applicability were used.

The results of radar image processing were validated with ground-based data, based on GPS
measurements. The quality and quantitative alignment of the author's results with those presented in
independent sources on the topic have been confirmed.



BASIC CONTENT

In Chapter One, the literature review provides an extensive exploration of remote sensing
techniques, with a particular emphasis on the revolutionary Interferometric Synthetic Aperture Radar
(INSAR) technology and its application in monitoring land displacement, particularly within oil and gas
fields. The chapter commences with a detailed overview of remote sensing principles, elucidating the
mechanisms behind Synthetic Aperture Radar (SAR) and its capability to capture high-resolution images
of the Earth's surface. It delves into the technical aspects of SAR, including the emission of short pulses
of radio frequency energy and the collection of backscattered signals to generate radar images with
remarkable clarity and precision.

The discussion seamlessly transitions into the realm of INSAR technology, a game-changing
innovation that leverages the phase differences between SAR images acquired from multiple passes over
the same area to measure ground deformation with unprecedented accuracy. This section offers a
comprehensive breakdown of INSAR principles, emphasizing the generation of interferograms and the
pivotal role of interferometric coherence in assessing the reliability and quality of the phase
measurements. By elucidating these fundamental concepts, the chapter lays a solid foundation for
understanding the intricacies of INSAR technology and its transformative potential in monitoring land
displacement.Furthermore, the chapter provides an in-depth examination of Small Baseline Subset
(SBAS) InSAR, a specialized methodology tailored for the systematic monitoring of land displacement
over time. It delves into the underlying principles of SBAS-InSAR, including the strategic selection of
a small subset of radar images with minimal baseline differences to enhance the detection of subtle
ground movements. This methodology, characterized by its sensitivity to gradual land subsidence,
emerges as an indispensable tool for evaluating the impacts of oil and gas extraction activities on the
Earth's surface.

Moreover, Chapter One conducts a critical synthesis of previous research endeavors that have
harnessed InSAR technology for monitoring land displacement in oil and gas fields. It meticulously
reviews the methodologies, findings, and limitations of these studies, offering valuable insights into the
challenges and opportunities associated with the application of INSAR in this context. By contextualizing
the current study within the broader research landscape, the chapter identifies gaps and opportunities for
further exploration, paving the way for a deeper understanding of the complexities inherent in land
displacement dynamics within oil and gas fields.

The chapter concludes by critically discussing the limitations and challenges of SBAS-INSAR
technology, addressing issues such as temporal and spatial resolution constraints, coherence loss, and
data processing complexities. By providing a comprehensive evaluation of the strengths and weaknesses
of INSAR technology, the literature review establishes a robust framework for the subsequent empirical
investigation conducted in the following chapters of the thesis.

In Chapter Two, the methodology employed in the study is meticulously delineated, providing a
comprehensive roadmap for conducting the research effectively. The chapter commences with a
thorough description of the study area, focusing on the oil and gas fields situated in Kern County,
California. This geographical region holds significant importance due to its prominence in oil extraction
activities and its susceptibility to land displacement phenomena. To provide a contextual backdrop, the
chapter offers an introduction to the broader San Joaquin Valley (SJV) region, within which Kern County
is located. Subsequently, detailed overviews of each specific oil field within Kern County are provided,
including North Belridge, South Belridge, Midway-Sunset, Lost Hills, and Elk Hills. These overviews
encompass not only the geographical features but also the geological setting, geochemical
characteristics, and hydrology of each oil field, offering essential background information crucial for
understanding the dynamics of land displacement.



Furthermore, Chapter Two elaborates on the data sources utilized in the study to capture and
analyze land displacement patterns. A pivotal component of this methodology is the acquisition of
Sentinel-1 satellite data, renowned for its high-resolution imaging capabilities and suitability for
monitoring land surface changes. The processing of this satellite data is conducted through the Comet
Portal platform, which facilitates the generation of interferograms and the extraction of relevant
displacement information. Additionally, the chapter discusses the integration of ground-based
measurements, including field data collected through field surveys and GPS data obtained from a
network of monitoring stations strategically positioned across the study area (Figure 1). These ground-
based measurements serve as crucial validation tools, enhancing the accuracy and reliability of the
satellite-derived data.

The methodology section further delves into the utilization of advanced INSAR techniques, notably
the Small Baseline Subset (SBAS) INSAR method, which serves as the primary approach for monitoring
land displacement over time. This technique involves the systematic processing of radar images acquired
over multiple time intervals to detect subtle ground movements with high precision. Complementing this
method is the application of LICSAR, a specialized processing system designed specifically for INSAR
data analysis. The chapter elucidates the intricate architecture and processing chain of LICSAR,
providing insights into the technical workflow employed to analyze and interpret INSAR data effectively.

Moreover, Chapter Two expounds on the processing techniques facilitated by the Licsbas toolbox,
which enables the decomposition of ascending and descending satellite data to identify vertical and
horizontal displacement patterns accurately. This section highlights the technical nuances involved in
processing and analyzing INSAR data, underscoring the meticulous methodology adopted to ensure the
reliability and validity of the study findings.

Thus, the third chapter presents a thorough and systematic methodology for studying crustal
dynamics in oil and gas fields, encompassing the identification of the study area, methods of data
collection and processing, and the application of advanced InSAR techniques. By providing a
comprehensive methodological foundation, the chapter lays a solid groundwork for the subsequent
empirical research.

This section offers a full overview of the data sources used in the study, including satellite imagery,
ground-based measurements, and geological models. The section examines the properties and limitations
of each data source, as well as potential sources of error and uncertainty. It also includes a brief overview
of the methods for data processing and analysis that will be employed to integrate and interpret these
data sources.

The primary data source for this research is the Sentinel-1 satellite. The SAR data were obtained
in interferometric wide-swath mode, which provides a bandwidth of up to 400 km and a spatial resolution
of 5 x 20 meters. Data was collected between 2014 and 2023 and processed into interferograms for
further analysis.Raw SAR data was processed using the Coherent Optical Multi-Look Processing
Exploiting SAR data (COMET) portal, a web-based platform that provides users with an easy-to-use
interface for processing Sentinel-1 data. The COMET Portal has several advantages for SAR data
processing. First, being a web-based platform, it is accessible from any location with an internet
connection. Second, the platform features a user-friendly interface, making it easier for non-specialists
to process and analyze SAR data. Third, the platform offers a range of pre- and post-processing
capabilities, reducing the need for additional software and hardware. Finally, the platform is developed
and maintained by a team of experts, ensuring the relevance and reliability of the processing algorithms.

The Small Baseline Subset (SBAS) approach is a widely used INSAR time-series technique for
measuring and monitoring land subsidence and deformation over large areas. The SBAS approach is
based on selecting a subset of interferograms with small temporal baselines, which helps to minimize



the atmospheric and temporal decorrelation effects in INSAR analysis (Figure 1). This approach involves
processing multiple radar images that are taken over time, with a focus on those that are closely spaced
in time. By using small temporal baselines, the SBAS method reduces the impact of atmospheric
disturbances and other noise sources that can affect the accuracy of measurements. This allows for more
precise detection of ground movement, making it particularly useful in applications such as monitoring
land subsidence, environmental changes, and deformation caused by human activities, such as oil and
gas extraction.
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Figure 1. SBAS Typical workflow

The original N+1 SAR images covering a specific area generate M unwrapping interferograms by
assuming that the Spatio-temporal baseline is within a particular range. The points where the average
phase coherence is more than a certain threshold are high-coherence points. The unwrapping phase of a
high-coherence point (x,r) of the i-th unwrapping interferogram (corresponding to two moments t1 and
t2) is expressed as follows by Equation 1:

Agi(x,r) = @tz (X1) - oty (X1) = 47” (d(tzx,r) - d(te,X,r)) + Ap'op + A@'noise (1)
where: d(t2,x,r) and d(t1,x,r) represent the cumulative displacement of the radar line of sight (LOS) at
tl and t2 relative to the starting time, Arpipo is the elevation residual phase caused by the DEM's
inaccuracy; the noise phase such as the atmospheric phase screen and unwrapping error is usually

expressed as Ag!, ;... After removing the residual elevation phase, the phase is solved to solve the
velocity term. The parameters to be solved are as follows by Equation 2:

VIT=[vi= (@1 — @)/ (t1 — to), ..., VN =(@ON — @n-1) / (tN — t1-1)]. 2
The phase of the i-th unwrapping interferogram can be written as Equation 3:
D vy (t — tie1) Vie= Ag;. 3

The phases of all interferograms are expressed in the above form. The combined expressions are
represented in the error Equation 4 as:

AV = Ao. 4)

where A is a matrix with dimensions of MxN. If a single interferogram subset is formed, the least-
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squares method can be used to solve the deformation rate. When two or more interferogram subsets are
created, the singular value decomposition (SVD) method with minimum norm conditions needs to be
introduced to obtain the deformation rate.

LIiCSAR

The LICSAR (Lincoln Centre for Autonomous Systems Research) system architecture is designed
for the processing of large volumes of SAR data for deformation monitoring and mapping (Figure 2).
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Figure 2. General overview of Looking into Continents from Space with Synthetic Aperture Radar
(LICSAR) system architecture

Interconnections between storage and computing structures leading the path from Sentinel-1 SLC
acquisition to publicly accessible geocoded interferometric products.

Licsbas toolbox processing

The LISCBAS toolbox is an effective tool for the processing of Sentinel-1 data for ground
displacement monitoring (Figure 3). The tool provides a complete workflow for processing the data and
produces high-quality displacement maps and time series.
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Figure 3. Workflow of LICSBAS

Decomposition of ascending and descending data

The interferograms generated by the LIiCS toolbox were decomposed into ascending and
descending components to separate the vertical and horizontal components of deformation. This was
achieved using the method proposed by, which involves fitting a plane to the interferometric phase data
and extracting the vertical and horizontal components of deformation from the residuals. The resulting
deformation maps were then analyzed to identify by Equation 5. In the decomposition process, the
ascending and descending data were separately decomposed to extract the vertical and horizontal
components of displacement. The vertical component of displacement is related to the subsidence or
uplift of the ground, while the horizontal component of displacement is related to the lateral movement
of the ground. The decomposition of the INSAR signal into vertical and horizontal components provides
more detailed information about the nature of the deformation occurring in the study area

—cos(incASC) sin(incASC)cos(headingASC) ] [ MOVLOS_ASC ] _ [MOV_VERT] )
—cos(incDESC) sin(incDESC)cos(headingDESC) MOVLOS_DESCI~ [MOV_HORI

Chapter 3 presents the results obtained from the empirical investigation conducted to analyze land
displacement patterns in the oil and gas fields of Kern County, California. The chapter is structured to
provide a detailed overview of the data processing steps, followed by the presentation and interpretation
of the findings. The chapter begins with an introduction outlining the objectives of the results section
and setting the context for the subsequent discussions. It then proceeds to discuss the data pre-processing
steps undertaken to prepare the raw satellite data for analysis. This includes a detailed examination of
the LICSAR file structure, baseline connection network plot, and the generation of digital elevation
models (DEMSs), which are essential for accurate displacement measurements. Following data pre-
processing, the chapter delves into the core analytical techniques employed, starting with interferogram
generation in LICSAR and phase unwrapping to extract the absolute phase values. Subsequently, time
series analysis techniques are applied, including masking to remove noise and artifacts, computation of
interferometric coherence, velocity standard deviation, and other parameters crucial for characterizing
land displacement patterns over time. The chapter also discusses spatiotemporal filtering techniques
utilized to enhance the clarity and accuracy of the results, as well as the decomposition of ascending and
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descending satellite data to identify vertical and horizontal displacement patterns separately. Moreover,
Chapter Three includes visualization of the results through various graphical representations and maps
to provide a clearer understanding of the spatial distribution of land displacement across the study area.
The validation and interpretation of the results are addressed in detail, including discussions on
uncertainty estimation and the integration of findings from different oil and gas fields. The chapter
concludes with a summary of the key findings, highlighting the main trends and patterns observed in
land displacement across the various oil and gas fields in Kern County.
LiCSAR File Structure and Products Details

The LICSAR outputs are stored in the ‘Products’ folder, with all generated interferometric pairs

located in the ‘Interferograms’ folder. The name of each pair indicates the date of acquisition. Currently,
three interferograms per epoch are being generated using the LICSAR methodology, which involves
logical decomposition of new acquisitions into pre-defined burst units and registration in the LiCS Info
database. Images containing bursts that form a given frame are then extracted and merged into frame
images that are registered towards a primary frame image set during initialization. The interferograms
are formed by combining the new image with three previous ones, which is suitable for interpretation
and for use in multitemporal INSAR processing methods based on small baselines strategy. Interferogram
unwrapping is performed using the optimized SNAPHU approach. All LICSAR products are
multilocked to achieve a resolution of around 100x100 m per pixel.

While the general acquisition interval was primarily 24 days before the end of 2016, it reduced to
12 days after 2017 due to the start of Sentinel-1B operation. Each frame contains 240-430 interferograms
(on average 350) derived from 70-140 acquisitions (on average 110), which includes three or four
interferometric pairs for each acquisition with the preceding acquisitions (Lazecky et al. 2020). In total,
~ 12,000 interferograms and ~ 4,000 acquisitions were used, with spatial baselines almost always within
300 m.

In an ascending orbit (LICSAR frame ID 137A_ 05534 131822), we processed an entire LICSAR
frame that covers the central zone of California State, USA. The observation period for this frame was
from 31 January 2015 to 15 August 2021, which is approximately 6.6 years. The associated network
consisted of 256 images and 1499 interferograms.

On the other hand, in a descending orbit (LICSAR frame ID 144D _05501 131413), we also
processed an entire LICSAR frame that covers the same central zone of California State, USA. The
observation period for this frame was from 08 November 2014 to 07 November 2021, which is
approximately 7 years. The associated network consisted of 266 images and 954 interferograms.

The acquisition interval was primarily 24 days before 18 February 2017 and 12 days after this date
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.

Baseline connection network plot

A Dbaseline plot is a useful visualization tool for understanding the SBAS method. It shows the
temporal and spatial distribution of the interferograms used to generate the deformation time series. The
horizontal axis of the plot represents time, and the vertical axis represents the perpendicular baseline
between the two radar images used to generate each interferogram. A typical baseline plot for the SBAS
method will have a series of lines or dots representing the interferograms used in the processing. The
dots or lines will be color-coded based on the perpendicular baseline distance between the two radar
images used to generate the interferogram. The longer the baseline distance, the larger the phase
difference between the two images, and the more sensitive the interferogram will be to deformation.

The baseline plot can provide important insights into the quality and reliability of the deformation
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time series generated using the SBAS method. It can help identify areas with poor coherence, which can
result in inaccurate deformation measurements. It can also highlight areas with high deformation rates,
which may require further investigation. The x-axis represents time (in days), while the y-axis represents
the satellite's position in space (in meters). Each point on the plot corresponds to a satellite image, and
each line represents an interferogram (Figure 4).
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Figure 4. SBAS connection network for ascending (top) and descending (bottom) orbits

The noise indices quantify the level of noise in each pixel and include metrics such as coherence,
standard deviation, and the number of available data points that are represented in Table 1. These indices
are used to identify unreliable pixels in the time series data. Masking noisy pixels is crucial to ensure
that the resulting displacement data is accurate and reliable. The presence of noisy pixels can
significantly affect the displacement analysis and lead to erroneous interpretations.

Table 1 — Noise index Meaning

| Noise index || Meaning |
| coh_avg || Average value of the interferometric coherence across the stack (0-1) |
| nunw | Number of unwrapped data used in the time series calculation |
| vstd || Standard deviation of the velocity (mm/yr) estimated in Step 1-4 |
maxTlen Maximum time length of the connected network (years). The larger the value, the better the precision in
the velocity estimate
| nogap | Number of gaps in the interferogram network and time series breaks |
Stc Spatiotemporal consistency (mm), which is the minimum root mean square (RMS) of the double

differences of the time series in space and time between the pixel of interest and an adjacent pixel among
all adjacent pixels

n_ifg_noloop|| Number of interferograms with no loops that cannot be checked by the loop closure and possibly have
unidentified unwrapping errors

| n_loop_err || Number of the unclosed loops after the network refinement in Step 1-2 |
| resid_rms || RMS of residuals in the small baseline (SB) inversion (mm) |

In summary, Chapter Four serves as a comprehensive presentation and interpretation of the results
obtained from the empirical investigation, providing valuable insights into the dynamics of land
displacement induced by oil and gas extraction activities in the study area.

Light of sight (LOS) displacement)

The proper visualization and interpretation of time series data are essential, but the large amount
of associated data can hinder smooth visualization and intuitive interpretation. To obtain meaningful and
accurate displacements, selecting an appropriate reference area is critical, as all measurements are
relative rather than absolute. Unfortunately, most software does not allow for interactive examination
and trial-and-error selection of the appropriate reference.
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To address this issue, LICSBAS provides an interactive time series viewer with two graphical user
interfaces (Figure 5).
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Figure 5. Displacement Velocity Map for the ascending (left) and descending (right) orbit scenes

Decomposition of Ascending and Descending Data

In INSAR, the process of decomposition of ascending and descending data refers to the separation
of the interferometric phase (which contains the deformation signal) into two components: a component
that is due to the topography (i.e., the shape of the Earth’s surface) and a component that is due to the
deformation of the surface. This decomposition is necessary because the interferometric phase can be
affected by both topography and deformation, and separating these two components allows us to isolate
the deformation signal. The decomposition of ascending and descending data in INSAR is typically done
using a technique called the “baseline-dependent decomposition,” which takes advantage of the fact that
the interferometric phase has different characteristics depending on whether the radar is looking at the
ground from the ascending or descending orbit. By comparing the interferometric phase from the
ascending and descending orbits, the topographic and deformation components can be separated. In
Licsbas INSAR, decomposition of ascending and descending data refers to separating the radar signal
into two components based on the direction of the satellite’s movement relative to the Earth’s surface.
Ascending data refers to measurements taken when the satellite is moving from south to north, while
descending data refers to measurements taken when the satellite is moving from north to south.

Decomposition of ascending and descending data is typically used to separate out the different
types of deformation that may be occurring on the Earth’s surface. In general, ascending data is more
sensitive to vertical deformation, while descending data is more sensitive to horizontal deformation. By
analyzing the two components separately, researchers can better understand the different types of
deformation that are occurring in each area. Results showing in two directions vertical and horizontal
(east-west) direction (Figure 6).
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Figure 6. Map of vertical (left) and horizontal (right) displacement velocities for the oil and gas fields

Validation and Interpretation

In the context of INSAR and GPS data, the RMSE (Root Mean Square Error) and the coefficient
of determination (R-squared) offer valuable insights into the agreement between the two data sets. For
the east-west direction, an RMSE value of 1.894097 indicates that, on average, the difference between
the SBAS InSAR and GPS measurements is about 1.89 units. This suggests a reasonably good
agreement, with an R-squared value of 0.9, meaning that 90% of the variation in the GPS data can be
explained by the SBAS InSAR data. Similarly, in the vertical direction, an RMSE of 2.4 indicates that
the difference between the measurements is around 2.4 units on average, suggesting a reasonably good
agreement. The R-squared value of 0.94 for the vertical direction means that 94% of the variation in the
GPS data is explained by the SBAS InSAR data, reflecting a strong relationship between the two. These
RMSE and R-squared values together provide a more complete picture of the data sets' correlation,
although it's important to recognize that they can vary depending on the specific dataset and the
conditions under which the measurements were collected (Figure 7).
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Figure 7. Chart of Registration Between SBAS INSAR and GPS, A) East-West Direction, B) Vertical
Direction

MAIN RESULTS OF THE STUDY

e The SBAS-InNSAR data analysis method has been described, including preprocessing,
interferogram generation, and time series analysis.

o Several new tasks for precise and detailed ground displacement determination using the SBAS-
INSAR baseline method have been formulated and solved, allowing for the use of data from different
time periods with minimal loss of accuracy caused by atmospheric and topographic effects.

e InSAR data, including interferograms, coherence maps, and displacement maps, have been
obtained for various study areas or time periods.

e A software-mathematical framework, implemented in Python, has been developed for
processing and analyzing INSAR data. The system features an advanced graphical user interface (GUI),
which facilitates data input/output, management of the INSAR data processing workflow, and graphical
presentation of the analysis results.

e A statistical analysis method for radar INSAR data has been proposed, which determines the
relationship between crustal movement rates and the rate of oil extraction.

14



PUBLICATIONS ON THE TOPIC OF THE DISSERTATION

1. Iman Khosravi, Yury Razoumny, Javad Hatami Afkoueieh, Seyed Kazem Alavipanah. Fully
polarimetric synthetic aperture radar data classification usingprobabilistic and non-probabilistic kernel
methods, European Journal of Remote Sensing, 54(1), pp.310-317_DOI https://doi.org/10.1080/2279
7254.2021.1924081

2. Iman Khosravi, Yury Razoumny, Javad Hatami Afkoueieh, Seyed Kazem Alavipanah. An
ensemble method based on rotation calibrated least squares support vector machine for multi-source data
classification, International Journal of Image and Data Fusion 12, no. 1 (2021): 48-63. _DOI
https://doi.org/10.1080/1947 9832.2020.1821101

3. Sadegh Karimi-Rizvandi, Hamid Valipoori Goodarzi, Javad Hatami Afkoueieh. IlI-Moon
Chung, Ozgur Kisi, Sungwon Kim, Nguyen, Thi Thuy Linh Groundwater-potential mapping using a
self-learning bayesian network model: A comparison among metaheuristic algorithms, Water 13, no. 5
(2021): 658. DOI https://doi.org/10.3390/w13 050658

4. Sahar Amiri-Doumari, Ahmadreza Karimipour, Seyed Nader Nayebpour, Javad
Hatamiafkoueieh. Integration of group method of data handling (GMDH) algorithm and population-
based metaheuristic algorithms for spatial prediction of potential groundwater, Environmental Earth
Sciences (2022) 81:48 https://doi.org/10.1007/s126 65-022-10593-5

5. Mohammad Hijji, Tzu-Chia Chen Muhammad Ayaz, AliS. Abosinnee, Iskandar Muda, Yury
Razoumny and Javad Hatamiafkoueieh. Optimization of state of the art fuzzy-based machine learning
techniques for surface water quality prediction in the coastal region, Sustainability 15, no. 8 (2023):
7016.https://doi.org/10.3390/su15087016

6. Khabat Khosravi, Fatemeh Rezaie; James R. Cooper; Zahra Kalantari; Soroush Abolfathi;
Javad Hatamiafkoueieh. Soil water erosion susceptibility assessment using deep learning
algorithms,Journal of Hydrology, 618, p.129229 10.1016/j.jhydrol.2023.129229

7. Solmaz Khazaei Moughani; Abdolbaset Osmani; Ebrahim Nohani; Saeed Khoshtinat; Tahere
Jalilian; Zahra Askari; Salim Heddam; John P. Tiefenbacher; Javad Hatamiafkoueieh. Groundwater
spring potential prediction using a deep-learning algorithm, Acta Geophysica (2023): 1-
22.10.1007/s11600-023-01053-0

8. Seyed Vahid Razavi-Termeh; Javad Hatamiafkoueieh; Abolghasem Sadeghi-Niaraki; Soo-
Mi Choi; Khalifa M. Al-Kindi. A GIS-based multi-objective evolutionary algorithm for landslide
susceptibility mapping, Stochastic Environmental Research and Risk Assessment (2023): 1-
26.10.1007/s00477-023-02562-6.

9. Yury Razoumny; Javad Hatamiafkoueieh; Sajjad Zeraat Peyma. INSAR Applications of
Land Subsidence Over Oil Fields (Case Study Southeast of Republic of Tatarstan, Russia), In
International Conference of Remote Sensing and Space Sciences Applications, pp. 153-159. Cham:
Springer Nature Switzerland, 202210.1007/978-3-031-40447-4_18.

15



DISSERTATION ABSTRACT

The dissertation discusses methods for processing multitemporal composite radar data for
monitoring movement in dynamically dangerous situations with an emphasis on land displacement as a
significant environmental issue linked to oil and gas extraction. This research explores the feasibility
and effectiveness of the Small Baseline Subset (SBAS) InSAR technique for monitoring land
displacement in five oil fields in Kern County, California (North Belridge, South Belridge, Midway-
Sunset, Lost Hills, and Elk Hills). It addresses methodological challenges such as atmospheric
interference and data decorrelation, while implementing strategies to improve SAR data accuracy for
reliable, high-resolution, and time-sensitive measurements of ground movement. The study also
introduces a semi-autonomous approach for extracting deformations and utilizes multi-dimensional
analysis through ascending and descending SAR images, complemented by pixel offset tracking to
monitor low-coherence areas. This integrated framework delivers comprehensive insights into the
dynamics of land displacement.

Utilizing the SBAS-INSAR method through the LICSBAS toolbox and Comet Portal, Sentinel-1
satellite data were analyzed to perform time-series analysis and examine the temporal evolution of land
displacement. In the ascending orbit, observations spanned 6.6 years, with a network of 256 images and
1499 interferograms. In the descending orbit, similar analyses were conducted.

The study provides a detailed understanding of surface displacement patterns, contributing factors, and
potential hazards in oil and gas extraction regions.
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OBIIASA XAPAKTEPUCTHUKA PABOTbI

AKTYaJIbHOCTBH TeMbI HCCJICI0BAHUSA

Hcnonb3oBanue MHTEPHEPOMETPHUCCKOTO JaT4yMKa C CHHTE3upoBaHHOW amepTypoit (INSAR)
CTaHOBHUTCA BCE Ooiee BOCTPEOOBAHHBIM METOJOM JUISI M3YyYCHHS TPHPOJIHBIX M TEXHOTCHHBIX
npoueccoB. Pannonokaropbl € CHHTE3UPOBAHHOM amepTypoll HENPEPHIBHO CHUMAIOT 3EMHYIO
IIOBEPXHOCTb BHE 3aBUCUMOCTH OT BPEMEHHU CYTOK U IIOTOJHBIX YCI0BUM. II0BTOpHBIE CBEMKHM OTHON U
TOM e TEPPUTOPUU IPOBOAATCA uepe3 Kaxkaple 6-12 nHeil. Ha ocHOBeE MoyueHHBIX JaHHBIX CO3/1aI0TCS
UHTEPPEPOrpaMMBbl, MO3BOJISIONINE OMEPATUBHO OTCICKHBATH CMEIICHUS 3€MHON IMOBEPXHOCTH WU
MOJIEJIMPOBATh MPUPOJHBIE U TEXHOI'€HHbIE Mpolecchl. OHAKO HAa CErOAHSIIHUNA AEHb OCTAETCS €Il
MHOTO HEpEUIEHHBIX 3a/laud B O00JIACTH OOpabOTKM PpaJMOJIOKAIIMOHHBIX JIAHHBIX, HEKOTOPHIE M3
KOTOpBIX paccCMaTpUBAIOTCS B JAHHOM JUCCEpTAllMU. OTHUM ONPENENAETCS aKTyaJbHOCTb TEMBbI
UCCJIEJOBAHMUSL.

Crenenb pa3padOTAHHOCTH TEMbI UCCJIEI0BAHUS

PanuonokanuoHnHas cbeMKa MoJlydnsia 3HAYUTEIbHOE Pa3BUTHE C MOMEHTA CBOETO IOSBJICHUS B
1950-x rT., MpEeBpATUBIINCH B HAACKHBIM MeTon HaOmoneHus 3emiu (Massonnet and Feigl, 1998;
Hanssen et al., 1999; Hanssen, 2001; Rosen et al., 2000; Rott, 2009; MuxaiinoB u ap., 2014).
Cnocob6Hocth INSAR monydars ¢a3oByr0 MHGOPMAIUIO OT Ha3eMHBIX OOBEKTOB W OTHOCHUTEIIbHAS
YCTOMYMBOCTh K IOTOJHBIM YCJIOBUSM JENAIOT €ro LEHHBIM WHCTPYMEHTOM Ui KpPYrjOCYTOYHOIO,
BCEMOTOAHOTO HaOirogeHust 3eMid, mpeiaras SKOHOMHYeCKH 3((EeKTHBHYIO ¥ JIEHCTBEHHYIO
abTepHATUBY py4HbIM n3MepenusM (Liu et al., 2019; Muxaiinos u ap., 2023).

B Poccum xonmuecTBoO McciaeI0BaHNuM, CBSI3aHHbBIX ¢ mpuMeHenneM PCA-unTepdepomeTpun, 3a
MocJIeIHUE TOabI HEYKIOHHO pacTér. [lomumo D3 PAH, teopernueckuMu 1 METOAOIOTUUECKUMHU
aCIeKTaMHM 3TOW TEXHOJIOTMM 3aHMMAKOTCS Takue yuyéHele, kak akagemuk PAH B.I'. bonayp u ero
komanaa u3 HUM «Aspokocmocy», A.M. 3axapos, JI.H. 3axapoBa u ux kosuieru u3z ®ps3uHCKOro
¢unuana MacTUTYyTa pamuoTeXHUKU U 35ekTpoHukH uM. B.A. KorensaukoBa PAH, FO.A. Kamnukos u
ero coastopsl (IlepMckuii HallMOHANIBHBIN HCcCIeA0BaTENbCKUI OMUTEXHUYEeCKUi yHuBepcurer), T.H.
Uumurtnopxkues (Muctutyr ¢usnyeckoro marepuanosenenus CO PAH), B.I'. Kobepuuuenko, A.B.
CocHoBckuit (Ypanbckuii ¢enepanbHbiii yHUBepcuTeT uMeHu mnepBoro llpesmaenta Poccun B.H.
Enpruna), a Taxke A.B. EBTiomkuH u ero koieru u3 banruiickoro denepaqbHOr0 yHUBEpPCUTETA
nmenu U. Kanrtau u nip.

JuddepenumaneHplii ©HTEpPEPOMETPUUECKUIT pajap € CHUHTE3WpOBaHHOM amneprypoil (D-
InSAR), asnstomuiics pacmupenueM InSAR (bonayp u np., 2022), npuBen K pa3BUTHIO METO/OB
nuHamudeckux usmepenuit INSAR (MT-InSAR), takux kak InSAR ¢ mocTOSHHBIMEU paccenBaTeIsIMUA
(cokpamenno PS-INSAR), meron ¢ manmeix 6a3oBbix smHHNA (SBAS-INSAR) u pacnpeneneHHBIX
pacceuBartencii INSAR (DS-InSAR) (Massonnet and Feigl, 1998; Pepe and Calo, 2017; Ferretti et al.,
2001; Zhu et al., 2018; bouxyp u ap., 2019). Kaxaslii MeToa MMeeT CBOM HA0Op MPEUMYIIECTB U
HeJ0CTaTKOB, Tipu 3ToM Metoa SBAS-INSAR ornmuaercs cBoeil CIOCOOHOCTRIO MUHUMHU3HWPOBATH
aTMocdepHbie moMexu 1o cpaBHeHuo ¢ metoaoM PS-INSAR (Du et al,2021; deoktucros u ap., 2017;
bounyp w ap., 2023). C yBenwueHHeM 4YHCIA 3alyMICHHBIX PATAOJIOKAIMOHHBIX CIyTHUKOB
JOCTYMHOCTh JAHHBIX JJISI MOHUTOPHHIAa aKTUBHOCTH 36MHOM TOBEPXHOCTH TAKKe PaCIIUPSIETCS.

Hcnonp3oBanue MeToja Maybix 0a30BbIX JHHUN (SBAS) B oTiiM4Ke OT TPaAMIIMOHHBIX METO/IOB
InSAR, umeer psa npeuMymiecTB, B TOM YHCII€ MEHBIIYIO 3aBUCUMOCTb OT MOTOJHBIX YCIOBHM, YTO
IPUBOAUT K 00JI€€ TOUHBIM U HA/IEKHBIM U3MEPEHHSAM JAUHAMHUKHN 3€MHON IOBEPXHOCTU. DTOT MOIXO.
MOBBIIIAET KOT€PEHTHOCTh U3MEPSIEMbIX CUTHAJIOB 3a CUET UCIOIb30BaHUS MaJIbIX 0a30BBIX JTMHUMN, UTO
obecrieunBaeT 0Oojiee BBICOKOE KA4deCTBO IMOMy4YaeMbIX KapT nedopmanuii ¢ yBEIMYECHHBIMU,
OTHOCHUTEJIBHO KJIACCHUYECKUX MOAXO0J0B, MPOCTPAHCTBEHHBIM pa3pelICHUEM U BPEMEHHBIM OXBATOM.
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Pacmmpennbie  Bo3mokHOcTH SBAS-INSAR 0coGeHHO IIeHHBI A1 MOHUTOPHMHTA HEOOJBIIUX H
JIOKAJIM30BAHHBIX J1e()OpMAIIMOHHBIX SBICHHUN, CBS3aHHBIX C JMHAMUKOHM IIacTa, 3aKaukoW WIN
u3BJIeUeHHEM (DITIOMI0B M TOATIOBEPXHOCTHBIX MPOIIECCOB HA HE(PTSIHBIX U Fa30BBIX MECTOPOXKICHHSIX.
Kpome Toro, SBAS-INSAR oGecrnieunBaer ruOKoCTh B 00pabOTKE M aHAIM3€ JAHHBIX, MO3BOJISSA
OJTHOBPEMEHHO HCIIOJIb30BaTh HECKOJIbKO HAOOpOB JaHHBIX SAR, MONydyeHHBIX C pPa3ITUYHBIX
CIYTHHKOB M JIaTYUKOB. Takol MyJbTHIUIAT(OPMEHHBIN IMOAX0]] MO3BOJISET CO3/1aBaTh TOUHBIE KapThl
JUHAMHUKU IOBEPXHOCTH.

Jlnist monmydeHus JaHHbBIX O JedopManusax MoBepxXHOCcTH ¢ moMoinbio SBAS-INSAR, nebonbmme
OJMHOXecTBa 0a30BBIX TMHUN BRIOUPAIOTCS HA OCHOBE IPOCTPAHCTBEHHBIX U BPEMEHHBIX TTOPOTOBBIX
3HaYeHUd. B Hacrosimee BpeMsi CyIIECTBYET TPH OCHOBHBIX METOJa OTOOpa PaJHOJIOKAIIHOHHBIX
JTAaHHBIX.

Bo-niepBbIx, ycTaHOBKA TOJIBKO BPEMEHHOTO TOpora 0a30BOM JIMHUH, KaK ObLJIO ITOKa3aHo B paboTe
(Mohammadimanesh et al.2019) no onenke aedopmanuii TOBEPXHOCTH 3eMiH Ha Tepputopun FOKoH,
Kanaga. OT0oT MeTo/1 0OBIYHO UCIIOJIB3YETCS B PailOHAX ¢ HU3KOM KOT€PEHTHOCTBIO, TAKUX KaK FOpPHbIE
Y TYCTBIC JIECHBIE MaCCUBBI, TO3BOJIAA 3()(PEKTUBHO YMEHBIIUTH BPEMEHHYIO JCKOPPEISIIHIO.

Bo-BTOpBIX, yCTaHOBKAa TOJBKO MOpOra MPOCTPAHCTBEHHOW 0a30BOM JMHHUM, KaK IOKa3aHO B
paborax nipu oneHke aedopmanuii B 3amagHoi Munonesun (Chaussard et al. 2013) u npu BeieIeHUN
3akoHoMmepHoctel aedopmaruu B Tackone (Kim et al. 2015). Dtot moaxon 3 (HeKTHBHO CHIDKACT
BIIMSIHUE OIINOOK penbeda, HO TpeOyeT BBICOKOM KOT€pEHTHOCTH CaMUX JJaHHBIX, YTO JIeJaeT ero 0osee
HNOAXOSALIUM JUISl ITTMHHOBOJIHOBBIX PAIMOJIOKAIIMOHHBIX JaHHbIX.

Hakonen, ycraHoBKa OPOroBbIX 3HAYEHUH BPEMEHHOM U MPOCTPAHCTBEHHOW 0Aa30BOM JIMHUU —
HauOoJee YacTO HCIOJb3YEMBbIH METOJl, UMEIOUINI MIMPOKUHA CIEKTP NPUMEHEHHUs. DTOT IMOAXOJ
UCTIOJIB30BaH B PA3JIMYHBIX UCCIICAOBAHMX, BKIIIOUask paboTHI IO MOHUTOPHHTY omnoi3Her (Zhao et al.
2012) u moHuTOpUHTY Topoackux Aedopmanuii B [llanxae, IlI>upuxiHe u YxaHe, COOTBETCTBEHHO
(Tizzani et al. 2007, Chaussard et al. 2014).

B oObrunbix npunoxenusx SBAS-InSAR s obecrieueHuss KOTEPEHTHOCTH  OOBIYHO
UCIOJIb3YeTCsl (PUKCUPOBAHHBINM OPOT BPEMEHHOM 0a30BOM JIMHUU Ui 0OECIeUeHUs] KOTepEeHTHOCTH,
HO 3TO MOXET IMPHUBECTH K OLIMOKaM JEKOPPESAIUH B ClydasxX C H3MEHSIOUMMUCS Ha3eMHBbIMU
YCJIIOBUSIMH, TAKMMHU KaK MEPEMEHHBIN pacTUTeNbHBINA okpoB (Zhou et al., 2017; Mohammadimanesh
et al., 2019). Hacrosiee uccieoBaHue SBISIETCS TEPBOM MOMBITKON MOJEITMPOBAHUS HAJICKHOCTH
SBAS.

O0beKkTOM HcC/IeOBAHMSA SBIISIOTCS CEMCMUYECKH AKTHBHBIE YYaCTKH 3€MHOM IOBEPXHOCTH,
CBsI3aHHbIE C He(PTEra30BbIMU MECTOPOKACHUSIMHU.

IIpeaMer ucciaen0BaHus — METOIBI 0OPAOOTKU PAMOTIOKAIIMOHHBIX JAHHBIX C HCTIOIb30BaHUEM
nuddepeHnraIbHOro HHTEpGEPOMETPUUIECKOTO pajapa ¢ CHHTe3npoBaHHOM anepTypoit (D-InSAR) u
€ro pacIIMpeHHi, Takux Kak MeToJ Majibix 0a30Bbix JduHHA (SBAS-INSAR), ans moHuTOpuHTa
JTUHAMHUKU 3€MHOM MOBEPXHOCTH U MOBBIIECHUS TOYHOCTH U3MEPEHUH.

Leab paGoTsbl 3aKi1r04aeTcs B pa3padOTKe METO0B 00paOOTKHU CITYTHUKOBBIX MYJIbTHBPEMEHHBIX
KOMITO3UTHBIX PaJHOJOKAIIMOHHBIX JAHHBIX JIJIS ONpeaeseHus Aeopmaluii 3eMHOM MOBEPXHOCTH, B
TOM YHCJI€ HA y4acTKaX He(Tera3zoBbIX MECTOPOKICHU.

Jlist tocTryKeHUs TOCTaBICHHOM 1IeJT PELIEHBI CIEIYIOIINe HayYHO-TEXHUYECKHE 3adauu:

e Pa3paboraH KOMIUIEKCHBIM MeTOJ 0O0paOOTKH IaHHBIX HMHTEP(PEpOMETPUUYECKOro pajapa ¢
cunTe3upoBanHor ameptypor (InSAR), monmyuenHeix co cnyrtHmka Sentinel-1, BrmrOuaronuii
IpeBapUTENbHYI0 00pabOTKy AAHHBIX, IOCTPOCHUE UHTEPPEPOrpaMM M METO/Ibl aHAJIN3a BPEMEHHBIX
psI0B.

e Ilpemmoxen moaxon mManbix 06a30BbIX JuHu (SBAS) mis ananuza cMmemeHus: MOBEPXHOCTH



3eMJIM M M3y4YCHbl BO3MOXHOCTHM HCIIOJB30BaHMS CITyTHUKOBBIX JaHHBIX Sentinel-1 mns dukcanmm
pPa3HOBPEMEHHBIX MOJIETIEN CMEIIEHHSI U TOHUMAHUSI UX IPOCTPAHCTBEHHOI'O PACIIPEAEIEHUS.

e IlpoBeneHa oIleHKa TOYHOCTH pa3paOOTaHHBIX METOAOB IyTEM CpPaBHEHHUS W3MEPEHUM
CMEIIEHHS, MOJyUYeHHBIX ¢ MoMoInbio InSAR, ¢ naHHBIMH, MONXyYeHHBIMHU ¢ Hcnoib30BaHueM GPS-
u3Mepenuil. Jlana orieHKa HaIeKHOCTH U 0O0CHOBAaHHOCTH METO/IOB, HCITOJIb3YEMBbIX /IS MOHUTOPUHTA
JTUHAMHUKHU TTOBEPXHOCTU 3€MIIH.

e lccnenoBanbl (akTOphl, BIMSIONINE HA CMEIICHHE MOBEPXHOCTH 3€MJIM Ha He(TEra3zoBBIX
MECTOPOKICHUAX, BKIIIOUYast 100bIUy He()TH, OTKAUKy TPYHTOBBIX BOJ U €CTECTBCHHBIC SIBIICHHS, TAKUE
Kak ocenanue. [Ipoananu3upoBaHa TuHAMUYECKasi MOJEIb ABH)KEHUS 36MHOM KOPBI U €€ KOPPETSALUS C
TUMU (aKTOPAMHU.

MeTomo/10rusi 1 MeTOAbI HccaeqoBaHusA. B pabore monyumin pa3BuTHE METOIBI 00pabOTKU
CIYTHHKOBBIX JaHHBIX Sentinel-1 as OLEHKM CMEIIEHHH HA MPUPOJHBIX U TEXHOTEHHBIX OOBEKTaX.
s vccnenoBaHus CMEUIEHUS HA OCHOBE CEPUM MYJIBTUBPEMEHHBIX PaJMOJIOKALMOHHBIX CHUMKOB
HNPUMEHEH MeTOJ| MajbiX 0a30Bbix JinHuN (SBAS). B pomonHeHHe K 3TOMY METOIY MPHMEHSETCS
LICSAR — criernanin3upoBaHHasi CHCTEMa aHaln3a, pa3paboTaHHast CICIHAIbHO IS HCIIOJIb30BaHMSI C
nanHeiMu InSAR. B pabote paccmaTpuBaroTCs OCHOBHBIE AHAJUTHUECKUE METOMBI. CO3JaHUE
uHTEpdeporpaMm, METOJbl aHAIN3a BPEMEHHBIX PSAJIOB, BKJIIOYas MAacCKUPOBAHHUE M300paMKeHUH Jis
ylaJeHus 1ymMa U apTe(akToB, BHIYUCICHUE HHTEP(PEPOMETPUUECKON KOT€PEHTHOCTH, CTaHAaPTHOIO
OTKJIOHEHHS] CKOPOCTH U APYTUX MapaMeTPOB, BAKHBIX JUISl ONIPEAEIICHUS MOJIEEH CMEIleHUsl 3eMHON
MIOBEPXHOCTH, METOBI MPOCTPAHCTBEHHO-BPEMEHHOH (DMIBTpAlH, UCTIOIb3yeMbIe JUISI TIOBBIIICHUS
YETKOCTU U TOYHOCTU PE3YJIbTATOB, a TAKXKE JEKOMIO3UIUS CIIyTHUKOBBIX JAHHBIX C BOCXOJSIIMX U
HUCXOJISAIINX OPOUT [T BHISIBIICHHS BEPTHKAIBHBIX U TOPU30HTAIBHBIX MOJICIICH CMEIICHNS.

Hayunast HoBH3HA pabOThI 3aKJIFOYAETCS B CIEAYIOIIEM:

e [IpennoxeH HOBBII MOAXO/ K MMOJIyaBTOHOMHOMY M3BJICYEHHIO MUJUIMMETPOBBIX JedopManuit
U3 BpEMEHHBIX psAAoB pagapa InSAR, HanpaBieHHBIM Ha BCECTOPOHHEE MOHMMAHHUE TUHAMHYECKOIO
MOBE/ICHUS TOBEPXHOCTU 3€MJIM B MpeeiaX Y4acTKOB He()TEera30BbIX MECTOPOKICHUH.

e [IpennoxeH HOBBII crioco0 aHallM3a BPEMEHHBIX PSAJOB OCEaHUN B MATTEpHAX CMEIICHUN ¢
BBICOKMM IMPOCTPAHCTBEHHBIM pazpemieHueM. MuTerpamus noapoOHBIX METOAOB OLEHKH TOYHOCTH,
BKJIOYasi cpaBHeHHE C JaHHbIMM GPS-cTaHimii, noBbIIIaeT HAAEKHOCTH M OOOCHOBAHHOCTH
pa3paboTaHHBIX METOOB.

e [lpennoxeH MeTOA pelIeHUs 3a/ladl C HEYETKOW CTPYKTYpO#l C HCIOJIb30BAHMEM MOJX0Ja
CSBAS, kOTOpbIil yCTpaHSieT HEYETKOCTh YpaBHEHHS ITyTeM BBEICHHs STAJIOHHOTO YPaBHEHUS C
MUHUMAaJIBHOM HOpPMOH, JAelcTByIollee Kak (yHIaMEHTalIbHOE OrpaHWYEHHE I CTaOMIM3aluu
mpolecca peleHus.

e [lpennoxeH MeTOJ H3MEpEHHUs TPEX KOMIIOHEHT BEKTOpa CMEUIEHHH C HCIOJIb30BaHHEM
CHUMKOB OJITHOTO U TOTO K€ Y4acCTKa [OBEPXHOCTH C HUCXOJSAIIEH U BOCXOAAIIEH OpOUTHI.

e Pazpaborana MeToauKka MOHUTOPUHTA CMEIIEHUH 3€MHOM TTOBEPXHOCTH B O0JIACTSAX C HU3KOH
KOT€pEHTHOCThI0O U PA3IMYHON CTENEHbI0 MPOCTPAHCTBEHHO-BPEMEHHOW JEKOTE€PEHTHOCTH MyTEM
OTCIIC)KMBAHMSI CMELICHUS TUKCEIIEH.

IIpakTHYeckas 3HAYUMOCTDb MOJYYeHHBIX Pe3ya1bTATOB

Pe3ynbrarhl, monydeHHblE B JUCCEPTAIMOHHON paboTe, MOryT OBbITh BOCTPeOOBaHBI st
00paboTKH paivoIOKalMOHHBIX JAHHBIX IIPU olpeaeseHuu qedopMalinii 3eMHON TOBEPXHOCTH, B XOI€
OLICHKH BIUSHUS pa3paboTKy HePTEera3oBbIX MECTOpOXIeHUH. B yacTHOCTH, pa3paboTaHHBIE METOABI
Y IIPOrPaMMHO-aITOPUTMUYECKMI KOMILIEKC MOTYT UCIIOJIB30BATHCA JUIA:

e BpiABIeHMS oOceJaHMs 3E€MHOW IIOBEPXHOCTH, B TOM UHCIE€ B 00JaCTH HEPTSIHBIX
MECTOPOXKACHUM.



e lcnonb30BaHus JaHHBIX 00 OCEIaHUM 3€MHON MOBEPXHOCTU B XOJE TPaJOCTPOUTEIHHOTO
IIPOEKTUPOBAHUS, 4YTO I[I03BOJSIET IPUHUMATh PEIIEHUS B IPOLECCE CTPOUTENHCTBA B 30HAX
MOBBIIIEHHOTO PHUCKAa W OMNpPENeNsATh MEphl JUIs 3aIllUTHl CYIIECTBYIOIIEH HHQPPACTPYKTYpHl OT
BO3MOYKHBIX MTOBPEX/ICHH, BBI3BAHHBIX J1e(hOpMaIHsIMH 36MHOM MOBEPXHOCTH.

e Pa3paboTkM YCTOHYMBBIX CTpPAaTerWii YNpPaBICHHS, KOTOpble COAIAHCHPYIOT J100BIUY
IPUPOJIHBIX PECYPCOB C MUHUMAJIbHBIM BIMSIHUEM Ha OKPYXKAIOLIYI0 cpeny. Pe3ynbTaTsl NpOBEAEHHBIX
MCCIICIOBaHMI TI03BOJIMIIN BBIIBUTH B3aUMOCBS3b ie(hopMaliiii 3eMHON OBEPXHOCTH ¢ 10ObIYeH HehTH
Y Ta3a, OTKAYKOM MO/I3EMHBIX BOJ M €CTECTBEHHBIMU IIPOLIECCAMH YIUIOTHEHHUS.

e Pa3paboTku IUIaHOB JIEMCTBUI MPU BOSHUKHOBEHHH YPE3BBIUANHBIX CUTYaIlMid, CBA3aHHBIX C
MOJIBUYKKAMH 36MHOM TIOBEPXHOCTH.

Teopernueckass 3HAYMMOCTb PE3YJIbTATOB HCCIIECJOBAHMS ONPEIEISIETCS BO3MOKHOCTBIO MX
WCIIOJIb30BAaHUs /ISl HAyYHBIX WCCIIEI0BAaHUM, HAIpPaBJIEHHBIX HAa COBEPLICHCTBOBAHME TEXHOJIOTUH
aHaM3a JIBUKCHUS 3€MHOH MOBEPXHOCTH HAa HE(PTETa30BBIX MECTOPOXKICHHSIX, MTOBBIIIAs TOYHOCTD U
HaJIe)KHOCTh MOHUTOPUHIOBBIX TEXHOJIOTUH.

IToJ10:xeHNs1, BBIHOCHMBbIE HA 3ALIUTY

1. Merox 00pabOTKM IaHHBIX HHTEP(PEPOMETPUUECKOTO CHHTE3HMPOBAHHOTO AarepTypPHOTO
pamapa (InSAR) st omnpeneneHus TOABIKEK 3€MHOW KOpPBI Ha ydYacTKax He(Tera3oBbIX
MECTOPOXKIACHUI;

2. Metox 00paboTKu paguonokauoHHbeIX AaHHBIX SBAS-INSAR ¢ mcnosip3oBaHueM merona
Maibix 0a3oBbIX JimHHN (SBAS), mo3Bomstomas oOHApYKWBAaTh W H3MEPSTh CMEIICHHUE 3EMIIU C
TE€YEHUEM BPEMEHH,

3. Meroauka 00paboTKM BpeMeHHBIX psgoB INSAR ¢ wucmonb3oBaHMEM pa3BEPHYTHIX
uHTEp(eporpaMm U KOrepeHTHOCTH;

4. IlporpaMMHBIH KOMIUIEKC, oOecreuyuBaronuii 00paboTky naHHbIX InSAR, koTopsIit
o0Jjeryaer co3JjaHle BHICOKOKAU€CTBEHHBIX KapT CMEUIEHMsI Ha pa3IMuHbIe IEPHO/Ibl BpEMEHU

Amnpodanusi padboTbl

OcHOBHbIE KOHUENIMM M Pe3ylbTaThl HCCIEAOBAHUNA OOCYXIalIHChb M NPEICTABISIUCH Ha
CIIEIYIOIINX MEXYHAPOIHBIX HAyYHBIX KOHPEPEHIUSAX:

e 13-1 Mexnynapoanas konpepennus AARSE2022 «Space and Geospatial Technologies for the
Africa We Wanty (r. Kuranu, Pyanna, 24-28 okts6ps 2022 r.);

o 1-a MexnayHapoaHass KOH(epeHIUs O MPUMEHEHHUIO JHUCTAaHIIMOHHOTO 30HIMPOBAHUS U
kocmuuecknx Hayk «The 1st International Conference of Remote Sensing and Space Sciences
Applications» (r. Xyprana, Eruner, 8-11 nexkadps 2022 r.).

[To Teme auccepTauy OMyOIUKOBaHO 9 TIEYaTHBIX PadOT B PEICH3UPYEMbIX HAYYIHBIX H3TaHUSX,
UHJICKCUPYEMBIX B MEXIyHapoIHbIX 0a3ax Scopus u Web of Science.

CreneHb 10CTOBEPHOCTH pPe3y/bTATOB

Pa3paboranHbple MeTOAbl OCHOBaHbI Ha (akTax M MPOBEPEHHBIX JAHHBIX, COIJIACYIOTCS C
OITYOJIMKOBAaHHBIMH 3KCIEPUMEHTAILHBIMU M TEOPETUYECKUMU PE3yJIbTaTaMU 10 TEME JUCCEPTaLUU.
JloCcTOBEpHOCTh pe3y/bTaTOB CBA3aHA C UCIIOJIb30BAHUEM OOILETPUHSTHIX METOAOB, MOATBEPAUBIINX
CBOIO MpUMeHUMOCTb. [IpoBeneHa Banuaanys pe3yabTaToB 00padOTKH paJHoI0KAIlMOHHBIX CHUMKOB C
Ha3eMHBIMH JIaHHBIMH, OCHOBaHHBIMH Ha GPS-u3mepenmsx. IlomydeHo kadecTBEHHOE U
KOJIMYECTBEHHOE COBIAJICHHE PE3YJIbTaTOB, OJYUYEHHBIX aBTOPOM, C Pe3yJIbTaTaMH, PEACTaBIEHHBIMU

B HE3aBHCHUMBIX MCTOUYHHKAX IO DTOI TEME.



OCHOBHOE COJEPKAHUE PABOTbI

B nepBoii riiaBe mopoOHO pacCMaTPUBAIOTCS METO/IbI JUCTAHIIMOHHOTO 30HIUPOBaHU, 0c000€
BHUMaHHUE  YJENSeTCS  PEBOJIOLHMOHHOW  TEXHOJOTMH HHTEPPEpPOMETPUUYECKOTO  pajgapa C
cuHTe3upoBanHor aneptypoit (InSAR) u ee mpumMeHeHHIO Ui MOHUTOPUHTA CMEIIEHUS 3E€MHOU
MOBEPXHOCTH, B YAaCTHOCTH Ha HE(PTAHBIX W Ta30BBIX MECTOPOXKACHUAX. |J1aBa HayMHAETCS C
noapoOHOro 0030pa MPUHIUIOB AMCTAHIIMOHHOTO 30HMPOBAHUS, PA3bSICHSIIOMIETO MEXaHH3MbI
paboThI pamapa ¢ CHHTE3UpOBaHHON anepTypoil (SAR) 1 ero cmocoOHOCTBIO MONTYYaTh U300paXKCHUS
36MHOM TOBEPXHOCTH C BBICOKMM pa3zpelieHreM. PaccmarpuBaroTcs TexHUuYeckue acnekTbl SAR,
BKJIIOYAsl U3JIy4EHHE KOPOTKHUX HMMITYJIbCOB PaJUOYaCTOTHOM SHEpruu U cOOp oOpaTHO paccesHHBIX
CUTHAJIOB JIJIsl CO3JaHus PaJIapHbIX U300pakKeHUH C BBICOKOM JIeTaln3alue 1 TOYHOCTHIO.

Hanee uccnenyercs chepa rexnonoruu InSAR, koTopas ucnomnb3yer pazuuiy ¢a3 mexay SAR-
U300paXEHUSIMH, TOJIYYEHHBIMH B pE3yJIbTaTe€ HECKOJbKMX IPOXOAOB HAJ OJHOM M TOW ke
TEeppUTOpUEH, I U3MEPEHUS 1ehOpMallii OBEPXHOCTH ¢ TOYHOCTHIO 0 2 MM JUIsl JUana3oHa 4acToT
CaHTUMETPOBBIX UIMH BOJH. B aToM pasznene paercs moiHoe onucanue npuHuunoB InSAR, ocoboe
BHUMAaHHE YIENSeTCS CO3AaHHI0 HWHTEepPeporpaMM M KIIOYEBOH pOJIM HHTEP(PEpOMETpUIECKOM
KOTEPEHTHOCTH B OICHKE HAJCKHOCTH H KadecTBa (ha30BBIX H3MepeHHil. PackpeiBas 5Tu
¢dyHaaMeHTalbHBIE TOHATHS, 3aKJIaJbIBACTCS MPOYHBIA (YHIAMEHT Ui TOHUMAaHUS TOHKOCTEH
texHosoruu InSAR u ee npeoOpasyroiiero noTeHyaia B MOHUTOPUHIE€ CMEILIEHUS 3€METTb.

Takke, B miaBe MOApPOOHO paccMaTpuBaeTCs METOA Majbix 0a3oBbix JimHud (SBAS) —
IpeIHAa3HAYEHHBIA I CUCTEMATUYECKOTO0 MOHUTOPUHIA CMEUICHHMsS 3€MHOM IOBEPXHOCTH 3a
pa3IuYHbIE IEPUO/IbI BpeMEHU. AHAM3UPYIOTCA OCHOBoOIoaratomue npuHuunsl SBAS-InSAR, B Tom
YHCJIe CTPATErn4eCcKuil BbIOOp HEOOJIBLIOT0 MOJMHOKECTBA PaIaPHBIX U300paKEHUI C MUHUMAaJIbHBIMU
Pa3IUUUSIMU B UCXOJIHBIX JIMHUSX JJIs YIYUIIEHUsI OOHAPYKEHUS MaJIbIX CMEIIEHUH. DTa METO0JIOT U,
XapaKTepU3yIoIIasicsl YyBCTBUTEIBHOCTbIO K IIOCTEIIEHHOMY OCEAaHMIO 3EMHOM IOBEPXHOCTH,
CTaHOBUTCS HE3aMEHUMbBIM MHCTPYMEHTOM JJIsl OLIEHKU BO3JEHCTBUS AESITEILHOCTHU MO 100bI14e HeTH
Y Ta3a Ha 3eMHYIO TIOBEPXHOCTb.

Kpome TOro, mpoBOIMTCS KpUTHYECKUIl CHUHTE3 MNpEeAbIAYIIMX HCCIEA0BaHUN, B KOTOPBIX
texHojorus:i InSAR wucnonb3oBamack A8 MOHMTOPHUHIA CMELIEHUS 3E€MHOM IIOBEPXHOCTH Ha
He(Tera3oBbIX MECTOPOXKIEHUAX. B Hell paccMaTpUBatOTCS METOOJIOTUH, PE3YJIbTAThl U OTPaHUYEHHUS
ATHX UCCIIEJOBAaHUM, YTO MO3BOJISET MOJYYUTh LIEHHOE MPEACTaBIEHUE O POodIeMaxX U BOZMOXKHOCTSIX,
CBA3aHHbIX C mnpuMeHeHMeM InSAR B pgaHHOM KoHTekcTe. BBIABISIOTCS BO3MOXKHOCTH AJIS
JAIbHENIIEro U3y4eHHs MpoOJieM MOHUTOPUHIA JUHAMHMKHU 3€MHON MOBEPXHOCTH Ha He(TEra3zoBbIX
MECTOPOKACHUSIX.

B konme pazmena KpUTHYECKH OOCYXKIAIOTCS OTPAaHUYECHHS W TpoOJemMbl TexHomoruu SBAS-
InSAR, paccmarpuBaroTcsi Takhe BOIPOCHI, KaK OTPaHUYEHHUS BPEMEHHOTO M IMPOCTPAHCTBEHHOIO
paszpeleHusi, IoTepyu KOTe€peHTHOCTH U CII0KHOCTH 00pabOoTKH JaHHbBIX. /laBasi BCECTOPOHHIOIO OIIEHKY
CHJIBHBIX U CJIA0BIX cTOpOH TexHosornu InSAR, 3aknanpiBaeTcs Haie)KHAsE OCHOBA JIJISI TTOCIIETYIOIIUX
SMIUPUYECKUX UCCIIEI0BAaHUH, TPOBOJUMBIX B CIEAYIONIUX pa3jienax JUCCepTaliH.

Bo BTOpOIi ri1aBe TIIATEIBHO OMUCHIBAETCS METOJI0JIOTHS, UCIIOIb30BaHHAS B UCCIIEIOBAaHUM, U
JaeTcsl HcyeplbIBarouas JopokHass kapra miusi 3¢GGeKTUBHOrO MpoBelAeHHUs aHanuza. Pasnen
HA4YMHAETCS C MOJAPOOHOro OMHMCAaHMs pailloHa MCCIENOBaHMS, B KOTOPOM HaxoAsTcs HedTerazoBbie
MECTOPOXKACHHUs, pacnojoxkeHHble B okpyre Kepn, mrat Kanudopaus. Otu 0630pbl 0XBaTHIBAIOT HE
TONBKO Treorpaduueckue OCOOCHHOCTH, HO W TEOJOTHYECKYI0 OOCTaHOBKY, T'€OXHMHYECKHE
XapaKTEePUCTUKH M TUIPOJIOTHIO KaXXJOr0 HEPTSIHOIO MECTOPOXKAEHUS, IPEJOCTaBlIsAsl BaXHYIO
CIPAaBOYHYIO HMH(OPMAIUIO, HEOOXOAMMYIO Al NMOHMMAaHUS IUHAMUKU CMEIIEHUS MOBEPXHOCTH.
Kpome toro, noxpo6HO paccMaTpuBarOTCs UCTOYHUKH JAHHBIX, HCIOJIb30BAHHBIE B UCCIIEIOBAHUN IS
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¢duKcanMy ¥ aHaIM3a 3aKOHOMEPHOCTEW CMEILIEHHs 36MHOM MOBEPXHOCTH. BaKHEHIIIMM KOMIIOHEHTOM
3TOH METOJOJIOTHH SBISIETCS MOJY4YeHHE JaHHBIX co cryTHuka Sentinel-1, m3BecTHOro cBoMMHU
BO3MOXXHOCTSIMH TIOJTYYEHHUSI M300pakKeHUH BHICOKOTO PAa3peIIeHHUs U PUTOTHOCTHIO JIIsI MOHUTOPHHTA
U3MEHEHUH MOBEpXHOCTH 3emiin. OOpaboTKa CIIyTHHKOBBIX JAaHHBIX OCYHIECTBISIETCS C IOMOIIBIO
mwiarpopmel  Comet Portal, xotopast obnerdaer cosmanue wuHTepdeporpaMM ¥ U3BICUYCHHE
HEoOXoauMol MH(OpPMALMU O CMEUICHWH TOBEPXHOCTH. B TiaBe paccMaTpuBaeTcs WHTETpanus
Ha3eMHBIX U3MEPEHHH, BKIIIOYas JaHHbIE, COOpaHHbIE B XOJI€ MOJIEBBIX UCCIIEA0BaHMA, 1 1anHbIe ¢ GPS
IIPUEMHUKOB, PacClOJIOXKEHHBIX 10 BCEH TEPPUTOPUHU HCCIEAOBAaHUA (PUCYHOK 1). DT Ha3zeMHbIE
U3MEpPEHUS CIYXKaT Ba)KHEHIIMMHM HMHCTPYMEHTaMHM KOHTpOJS TOYHOCTH pe3ynbTaroB. [lanee B
METOJI0JIOTUYECKOM Ppa3/ielie PACCMaTPUBAECTCSl HUCIOJIb30BaHME IepeloBbIX MeTonoB InSAR, B
YaCTHOCTH METOJa Maibix 0a30BbIX nuHHUA (SBAS), KOTOpbBIE CIy>)KaT OCHOBHBIM IOIXOJOM ISt
MOHMTOPHMHIA JIMHAMUKHU 3€MHOM IOBEPXHOCTH C TEUYEHHWEM BPEMEHM. DTOT METOJ IPEAIoJaract
CHCTEMAaTHUYECKyI0 00pabOTKy paJuOJIOKAIMOHHBIX H300pakKeHUH, IOJYyYEeHHBIX 3a HECKOJIBKO
BPEMEHHBIX HHTEPBAJIOB, YTO IIO3BOJIIET C BBICOKOW TOYHOCTHIO OOHAPYXUTh €Ba 3aMETHBIC
cMmemenus. B momonnenune k atomy meroxy npumensiercss LICSAR - cnenmanu3upoBaHHas cucteMa
aHaym3a, pa3paboTaHHAs CIICIUAIBHO JIJIs UCTIOIB30BaHus ¢ nanHbiMH INSAR. PackpeiBaeTcs ciioxxHas
apxuTeKkTypa u nenouyka oopabotku LiCSAR, 4To maer mpencraBieHHE O TEXHHYECKOM IpoIecce,
UCTIOJIB3yeMOM JUTst 3 (EKTUBHOTO aHau3a U nHTepnperanuu JanHbeix InNSAR. Kpome Toro, Bo BTOpOit
TJIaBE PAcCKa3bIBACTCS O METOJaX OOpabOTKH, KOTOPBIE MPENOCTaBiIsieT WHCTpyMeHTapuil Licsbas,
MO3BOJIIOIINN PA3JI0KUTh CIIyTHUKOBBIE JIAHHBIE C BOCXOJSAIIMX U HUCXOJIALIUX OPOUT JJIs TOYHOIO
ONpe/eNieHUs] BEPTUKAJIBHBIX M TOPU3OHTAJbHBIX cMelleHuil. B 3Tom pasnene ocBemarorcs
TEXHUUYECKHUE HIOAHCHI, CBSI3aHHblE ¢ 00paboTKoi M aHanmu3oM AaHHbIX InSAR, n nmomuepkuBaercs
THIATEJIHOCTh METOJAOJIOTMM, TPUHATOW JUIsi oOecnedyeHus HaJeKHOCTH U O0OOCHOBAHHOCTH
pe3yJIbTaTOB HCCIEI0BAHNUS.

TakuMm oOpa3om, BO BTOpPOM IJIaBe CUCTEMATU3UPOBAaHA METOOJIOTUS UCCIIEAOBAHNUS TUHAMUKU
3eMHOM NMOBEPXHOCTH Ha ydacTKaxX He(Tera3oBbIX MECTOPOXKICHHM, BKIItOUaroias B ce0sl BblIEICHUE
paiioHa ucciae0BaHus, METOAbI cOOpa 1 00pabOTKH JaHHBIX, a TAKKE IPUMEHEHHUE MTEPEIOBBIX METOAUK
InSAR. IlpenocraBuB BCEOOBEMIIIONIYI0 METOJOJIOTMUYECKYIO 0a3y, 3aKjaJbIBaeTCs IPOYHBIH
byHIaMEHT JUIs TOCEeIYIOIIMX IMIMPUIECKUX UCCIIETOBAHUM.

OCHOBHBIM HCTOYHMKOM JAHHBIX JUISl IaHHOTO HCCJIENOBAaHUS MOCITYKWI cIyTHUK Sentinel-1.
Jannsle SAR Obuin  mosiyueHbl B MHTEP(EPOMETPUUECKOM  IIMPOKOMOJIOCHOM  pEeXHUME,
oOecneunBaromieM MuUpuHy nosnocsl A0 400 kM U mpocTpaHcTBeHHOE pazpemieHue 5 x 20 m. [lannbie
Obu1i mostydeHsl B nepuoxa ¢ 2014 mo 2023 roxg u Obumn oOpa®oTaHbl B MHTEpEpOrpaMMbl IJis
nadbHEHIero anaamsa.

Ceipbie nanubie SAR Obuin 00paboTtanbl ¢ momornsio moptana Coherent Optical Multi-look
Processing Exploiting SAR data (COMET), kotopblii mpenctaBisier coboii BeO-marhopmy,
MO3BOJISIONIYIO TOJIb30BAaTEIsIM MPOCTOM B HCIOJIb30BAHUU HHTepdeiic st 00pabOTKH JaHHBIX
Sentinel-1. Comet Portal oGamaer measiM psiioM TPEUMYIINECTB s 00paboTku ganHbx SAR. Bo-
NepBbIX, 3TO BeO-TuIaTopma, a 3HAYMT, JOCTYN K HEH BO3MOXKEH M3 JII00Oro MecTa, TIe €CTh
nonkitoueHue k HMurepHery. Bo-BTopbix, miardgopma obnagaer yAoOHbIM HHTepdeHcoM, 4YTO
oOneryaetr 00paboOTKy M aHanu3 AaHHbIX SAR nns HecnenuanucToB. B-TpeThux, mpenocrasisercs psij
BO3MOKHOCTEH TPEIBAPUTEILHON W TOCIEAyIoIell 00pabOTKH, YTO CHI)KAET MOTPEOHOCTh B
JOTIOTHUTEIbHOM ~ MPOTPaMMHOM M ammapatHoM  oOecriedeHud. HakoHen, 53TO  MPOIYKT
pa3pabaTbIBaeTCs M MOJAEP)KHUBACTCS KOMAHJOW HKCIEPTOB, YTO OOECIEUMBAET aKTYalbHOCTb U
HaJISKHOCTh aJITOPUTMOB 00PaOOTKH.

OnHUM U3 BaXKHBIX ACIIEKTOB MOJIEBBIX JAHHBIX ABISAETCS PACHOI0KEHNE CKBAXKUH JUIsl JOOBIYM U



HarHeTaHuss He()TU W rasza, KOTOpbIE MOTYT JAaTh IPEICTaBIEHHE O TEOJOTHUYECKUX CTPYKTypax H
JBWOKEHUH (PIIIOMA0B B Heapax. [ TyOMHa CKBaXXHH TaKKe UMEET pelaroliee 3HaueHue, MOCKOJIbKY OHa
BJIMSIET HAa KOJIMYECTBO M KAa4eCTBO YIJIEBOJOPOJOB, KOTOpPbIE MOTYT OBITh W3BIeUeHbl. HazeMHbIe
U3MEPEHUs] UMEIOT 3HaYCHUE /IS TIPOBEPKU METOAOB AMCTAHIIMOHHOTO 30HIUPOBAHMS, 0OeCreunBast
HE3aBUCHMBbIE U BBICOKOTOYHBIE H3MEPEHHUS AehopMaIiy rpyHTa, KOTOPBIE MOTYT OBITh HCIIOJIb30BAHbI
JUIS OLEHKM TOYHOCTH METOAOB JUCTAHLIMOHHOTO 30HIMPOBAHMS M MPEJOCTABICHUS LEHHOU
uH(popmanuu o nporeccax nepopmaruu. GPS sBisercst onHuM U3 HanboJee MMPOKO KUCIOIB3YEMbIX
HA3E€MHBIX METOIOB JJIsl K3MEPEHHsI TUHAMUKH JBIKEHUS 36MHOM MMOBEPXHOCTH.

Metoa mainbix 6a30BbIX JMHUN (SBAS) mIMPOKO MCIIONB3YETCS UIsl U3MEPEHUSI U MOHUTOPUHTA
ocefaHus U fedopMalny 3eMHOM MOBEPXHOCTH Ha OonbIux Tepputopusx. Merox SBAS ocnoBan Ha
BHIOOpE MOMHOXKECTBA HHTEP(HEPOrpaMM C MaJIbIMU BPEMEHHBIMU 0a30BBIMH JIMHUSIMH, YTO ITO3BOJISIET
MUHHMH3HPOBATH aTMOC(epHBIE U BpeMeHHbIe 3P PEKThI AeKoppernsun npu ananuze INSAR (pucyHnok
1).
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Pucynoxk 1. rexaonornyeckuii nmporecc SBAS

Hcxonubsie N+1 uzobpaxenuit SAR, oxBaThIBaloIIKe ONpe/ieleHHy0 00JacTh, TeHepupyoT M
pacrakoBaHHBIX MHTEpdeporpaMm, IMpeanoarasi, 4YTo IpOCTPAaHCTBEHHO-BpeMeHHasi 0a3oBasi JTMHUS
HaXOJUTCS B ONpPEAEICHHOM JuarnazoHe. Touku, rae cpennss (azoBasi COrJacOBaHHOCTH MPEBBIIIACT
OTIpe/IeIeHHBI OPOT, CYUTAIOTCSI TOUKAMU BBICOKOW COTJIacOBaHHOCTHU. PacrakoBaHHas (haza TOUKH
BBICOKOM COIJIACOBAHHOCTH (X, TI) 1-i pacrmakoBaHHON uHTepdeporpaMMbl (COOTBETCTBYIOILEH
MOMEHTaM BpeMeHHU t1 u t2) BeIpaxaeTcs CleAyoMuM o0pa3oM:

A@i (X, 1) = @a(X, ) — @u(X, 1) = (4n/L) [d(t2, X, 1) — d(t1, X, 1)] + AQiop' + AQroise’ [¢D)]
rae d(t2,x,r) u d(tl,x,r) mpencraristor co0oil HAKOIUIEHHOE TEpeMEIleHHe JIMHUK B3TJIs1a pajgapa
(LOS) B MomeHTHI BpeMeHH t1 1 t2 OTHOCUTETFHO HAYaIbHOTO BPEMECHH A(pipo - 9TO ocTaTouyHas (a3za
BBICOTHI, BbI3BaHHAsE HETOYHOCTHIO H(poBoit Momenu mectHoctd (DEM); dha3oBsIil myM, Takol Kak

arMochepHbIii (a30BbIid 3KpaH M OMMOKA PACIAKOBKH, OOBIYHO BBIPAXKACTCS Kak as A@),iqe. 110cie
yIaJeHus] OCTaTOYHOM (ha3bl BHICOTHI MTOCIIEAHSS UCTIONB3YETCs I HaXOKIEeHHs ckopocTu. CKOpoCTh
B JJAaHHOM CJIy4ae ornpezaensiercs no gpopmye 2:



VIT=[vi=(p1 = Qo) / (t1 — to), ..., VN =(ON — @n-1) / (tN — t1-1) ] (2
da3a i-it pa3BepTkH HHTEPHEPOrPAMMbI MOKET OBITH 3allUCaHa CIICAYIONICH (HOpMYJION:
D ininieyi (te — tie1) Vie = Aoi (3)

@a3bpl Bcex uHTepdeporpaMMm BBIpaKEHBI B BbIICNIpUBEACHHON (opme. OObeaMHEHHBIE
BBIPQ)KEHUS MPE/ICTABICHBI B yPABHEHUU:

AV = Ao 4)
rnie A — wMarpuma pasmepom MxN. Ecmu dopmupyercs eIMHCTBEHHOE IOAMHOMXKECTBO
UHTEpPEPOrpaMM, TO JUISI PEIICHHUS CKOPOCTHU Ae(hOopMaIiii MOKHO MCIIOIH30BATH METO/I HAMMEHBIIINX
kBagpatoB. Korga co3natorcs 1Ba uian 0ojiee MOIMHOXKeCTBa HHTEpeporpaMm, HE0OXOAUMO BBECTH
METOJ CUHTYIsIpHOTO pasioxenus (SVD) c¢ ycnoBusSIMH MUHUMaTbHOW HOPMBI, YTOOBI MOIYYHUTH
CKOPOCTHh Jedopmarnmm.

ApXHUTEKTypa CHUCTEMBl LIEHTpa HMCCIEAOBAHWN aBTOHOMHBIX cHucTeM HUM. JIMHKOJbHA (aQHIJ.
Lincoln Centre for Autonomous Systems Research — LICSAR) mpennasHaueHa aiasi oOpabOTKH
60pmux 00peMOB JaHHBIX SAR ISt MOHUTOPUHTA U KapTorpadupoBanus qepopMannii, mpeacTaBicHa

Ha PUCYHKE 2.
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Pucynok 2. O6muit 0630p apXUTEKTYphl cCCTeMbl "B3risa Ha KOHTUHEHTHI U3 KOCMOCa € TIOMOIIbIO
panapa ¢ cuHTe3upoBanHoit areprypoi” (LICSAR)

WnctpymenTapuii Liscbas npenocrasisieT nmoap30BaTeabckuil HHTEpdeic 111 00paboTKH TaHHBIX
INSAR Sentinel-1 ¢ ucnonezoBannem anroputma SBAS. DTOT HHCTPYMEHT MpPEAOCTABISET MOIHBINA
paboumii mpouecc st 0O6pabOTKM JAHHBIX M CO3JAaeT KapThl NEpeMElIeHUH W BpPEeMEHHBIE PsIIbl
BbICOKOTO KayecTBa. Pabounii mporiecc LICSBAS npezacrasien Ha pucyHKe 3.
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Pucynok 3 Pa6ounii npouiecc LICSBAS

HHTepdeporpammel, MONyYCHHBIE ¢ TOMOIIbI0 MHCTpyMeHTapus LiCS, Obutm pa3ioskeHbl Ha
BOCXOJSIIME W HUCXOASIIME KOMIIOHEHTHI MJIsi pPas3feiieHUs BEPTUKAIbHOW U TOPU3OHTAJIbHOU
cocraBisironx Aedopmaruu. s 3TOro UCHOIB30BAJICS METO/I, MPEIUIOKEHHBIH B padOTe, KOTOPBII
3aKJII0YaeTCsl B TMOATOHKE TUIOCKOCTH K HMHTep(hepoMeTpruecKuM (Ha3oBBIM JTaHHBIM W BBIICICHUU
BEPTUKAIBHON ¥ TOPU30HTAILHON KOMIIOHEHT J1e(hOpMallii U3 OCTaTKOB.

B nporecce neKkoMNo3UIMK TaHHBIE BOCXOJAIIMX U HUCXOASIINUX OPOUT OBLIM pa3AeieHbl JUIs
BbIJIEJICHUS] BEPTUKAJILHOM M TOPU30HTAJIbHOM KOMIIOHEHT CMelleHHs. BepTukanbHas cocTapisiomas
CMEIIIEHHUS CBSI3aHa C OCEIaHUEM WJIU MOAHITHEM TPYHTA, a TOPU30HTAIbHAS COCTABIISAIONIAS CMEILIEHUS
CBA3aHa C OOKOBBIM JBM)KEHHEM TIpyHTa. Paznoxenue curHaia InSAR Ha BepTukaibHyio u
TOPU3OHTANIbHYIO0 cocTaBstiomue (Gopmyna 5) maer Gosee moApoOHYI0 MHMOPMAIMIO O XapakTepe
nedopManuu, NPOUCXOAAIIEH Ha HCCIelyeMON TEpPUTOPHH.

—cos(incASC) sin(incASC)cos(headingASC) MOVLOS_ASC MOV _VERT
—cos(incDESC) sin(incDESC)cos(headingDESC)] % [MOVLOS_DESC] - [MOV_HORI] ()
B Tperbeil riaBe TIpEACTaBICHBI pE3yJAbTAThl, IOJYyYEHHbIE B XOJE€ OSMIIUPUYECKOTO
WCCIIC/IOBaHMS, TPOBENECHHOTO JUIsl aHalM3a MOJENeH MepeMelleHus] 3eMelb Ha HedTerasoBbix
MectopoxacHusx okpyra Kepn, mrar Kanudopaus. ['maBa moctpoeHa tTakum o0pa3om, 4TOOBI JaTh
1oIpoOHBII 0030p 3TarnoB 00pabOTKU JTaHHBIX, @ 3aT€M MPEACTABUTh U HHTEPIIPETUPOBATH OJTyUYEeHHBIE
pe3yibTaTel. [ 71aBa HaUMHAETCS C BBEICHUS, B KOTOPOM H3JIararoTCs IENH pa3liena pe3ylbTaToB U
3amaeTcd KOHTEKCT Ui TMOCHeAyrmux oOcyxknaeHuit. Jlamee B HeEH 0OOCYKTAIOTCS  ATarlbl
npeaBapuTeNbHON 00pabOTKM JMaHHBIX, NPEANPHUHITHIE IS MOATOTOBKM HCXOJIHBIX CITYTHUKOBBIX
JaHHBIX K aHanu3y. CroJla BXOJUT JeTanbHoe n3yueHue cTpykrypsl ¢aitnoB LiICSAR, noctpoenue cetu
0a30BbIX COEMHEHUH U co3naHue HupoBeix Mozeneil penbeda (LIMP), koTopbie HEOOXOUMBI AT
TOYHBIX M3MepeHuid cmemeHuid. Ilocne mpenBaputenbHON 0O0pabOTKM JaHHBIX B IJIaBe
paccMaTpUBAIOTCSI OCHOBHBIE AHAIUTHYECKHE METOJbl, HaYMHAs C CO3JaHHUs HHTepdeporpamMMm B
LiCSAR u pa3BopauuBanus (hasbl 1uis H3BJICUCHHs a0COTIOTHBIX 3HaUeHUH (pa3bl. 3aTeM MPUMEHSIOTCS
METO/BbI aHajHM3a BPEMEHHBIX PsJIOB, BKJIIOYAs MACKMPOBAHUE IS yJaJIeHUs IIyMa U apTedakToB,
BBIYHUCIICHHE HHTEP(HEPOMETPHUECKON KOT€PEHTHOCTH, CTAaHIAPTHOTO OTKJIOHEHHUSI CKOPOCTHU M IPYTUX



[IapaMeTpoOB, BAXXHBIX I ONpPEACICHUS MOJENEH CMELIEHUs 36MHOW MOBEPXHOCTU. B rmase Taxxke
00CYX/1al0TCSI METObI MPOCTPAHCTBEHHO-BPEMEHHON (DUIBTpAIMK, UCIOIB3yEMBbIE JUIsI TOBBIIICHUS
YETKOCTU M TOYHOCTHU PE3YJIbTATOB, a TAKXKE JEKOMIIO3UIUS CIyTHUKOBBIX JaHHBIX C BOCXOJALIEH M
HUCXOJAIIEH OpOUTHI Al BBIABICHHUS BEPTUKAIBHBIX M TOPU3OHTAIBHBIX MOJETCH CMeIeHHs
otaensHo. Kpome TOro, TpeThbs riiaBa BKIIIOYAET BU3YAIHM3AIMIO PE3YyIbTAaTOB JUId OOJiee YETKOTrO
NOHMMAHHUS IPOCTPAHCTBEHHOT'O PACIpPENEICHHSI CMEIIEHUs 3€MEllb Ha HCCIENyeMON TEPPUTOPHUH.
[TogpoOHO paccMaTpUBarOTCS BOIMPOCH MPOBEPKH M MHTEPIPETAMH pe3yabTaToB. B KoHIE pasnena
IPUBOJATCS OCHOBHBIE BBIBOJBI, IIOJAYEPKUBAIOTCA OCHOBHBIE TEHJEHIMHM M 3aKOHOMEPHOCTH,
Ha0Jr01aeMble B CMEUICHUAX 3€MHOW IMMOBEPXHOCTH Ha Pa3IUYHBIX HEPTETa30BBIX MECTOPOKACHUSIX B
okpyre KepH.

[To merogmke LiCSAR Obmu creHepupoBaHbl 1O TpU HHTEpPQEpOrpaMMbl 3a 3MOXY, UYTO
IpeaIoiaracT JIOTHYECKYIO JEKOMIIO3MIIMIO HOBBIX ChEMOK Ha 3apaHEe OIPEAEICHHbIC €IUHUIIbI
BCIUIECKOB M peructpauuio B 0aze manubix LiCSInfo. MuTepdeporpammel GpopMupyrOTCS myTeM
COBMEILIEHUSI HOBOIO HM300pa)k€HUs C TPEeMsl MPEIbIIyLIIUMHU, YTO YJOOHO AJii HMHTEpIpeTaluu U
UCIIOJIb30BAaHUsl B METOJaX MHOroBpeMeHHOW 00paboTku InSAR, oCHOBaHHBIX Ha CTpaTErMy MallbIX
0a30BbIX JIMHUHA. Pa3zBepTka uHTEpYEpOrpaMM BHIIOIHIETCS C UCHOIH30BAHUEM ONTHMHU3UPOBAHHOTO
noaxona SNAPHU. Bee nponykrsl LICSAR MHOTOKpaTHO 00pa®0TaHbl Uit JOCTHXKEHHSI Pa3pelIeHus
oxoJio 100100 M Ha NUKCETb.

Ecnu 1o xonna 2016 rona oOuiuii MHTEpBal ChbEMKU COCTABIISUII MPEUMYIIECTBEHHO 24 JHS, TO
nocie 2017 rona on cokparuics 10 12 nHei B cBs3u ¢ HavamoM pabotsl Sentinel-1B. Kaxapiii cHuMOK
conepxut 240-430 untepdeporpamm (B cpeanem 350), monydeHHbix B pesynbTate 70-140 creMoxk (B
cpeaaeM 110), 94TO BKIFOYAET TPU WM YETHIPE UHTEPPEPOMETPHUECKUE MAPhI I KAXKI0W ChEMKH C
npensinymumu chemkamu (Lazecky et al. 2020). Beero 6bu10 nenosib3oBano ~ 12 000 uaTepdeporpamMmm
u ~ 4 000 morsoieHuid, TP TOM MPOCTPAHCTBEHHBIE 0a30BbIC JTUHUHU MOYTH BCETIa HaXOJWINChH B
npenenax 300 m.

Ha Bocxomsmieit opoure (uaentudukarop cummka LICSAR 137A 05534 131822) Obud
oOpabotan Becb cHUMOK LiCSAR, oxBaTbIBaroluil lieHTpajibHyt0 30HY wmTata Kamudopuus, CHIA
(pucynok 9). INepuonx HabOIrOACHUH 17151 3TOTO cHUMKA cocTaBwi ¢ 31 ssuBapst 2015 roga mo 15 aBrycra
2021 roxga, To ecth ipuMepHO 6,6 eT. COOTBETCTBYIOIIAs CETh COCTOsIIA U3 256 n3o00paxenuii u 1499
uHTEpPeporpamm.

C apyroit cropoHbl, Ha HUCXojsmeH opoute (upeHtudukatop cHumka LICSAR
144D 05501 131413) Takxe Obu1 oOpaboTan Bech CcHUMOK LiICSAR, 0XBaThIBAaIOMIMA Ty XKe
HeHTpanbHyto 30Hy mTara Kamudopuus, CILIA (pucynok 5). [Teproa HaOt01eHHS /IS 3TOTO CHUMKA
— ¢ 08 Hos16ps 2014 roma mo 07 Hos1Opst 2021 roma, To ecTh mpuMepHO 7 jeT. CBsA3aHHAs C HUM CETh
coctosia U3 266 m3o0paxenuit u 954 wmnrtepdeporpamm. MHTepBan cOopa AaHHBIX COCTABISUT B
ocHOBHOM 24 nmust 10 18 ¢eBpans 2017 roma u 12 mHe# mociie 3TOM AaThl, 9YTO OBLJIO OOYCIOBIEHO
YBEITUYCHUEM HaOIIOaTEIHbHBIX BO3MOXKHOCTEH Onaromapst Hanmuuio Sentinel-1B, xoTs Bce manHbIe
opuTn TmosrydeHsl Sentinel-1A. CToUT OTMETHTH, 94TO AaThl Hayana cOopa JaHHBIX HE COBMAMAIOT IS
BCEX CHUMKOB H3-3a HEOJAHOPOJHOU cTpaTeruu Habmoaenui Sentinel-1.

['paduk 6a30BOI IMHUY - NTOJIE3HBIA HHCTPYMEHT BU3yalU3alluu Ui MOHUMaHus MeTtona SBAS.
OH moka3bIBaeT BPEMEHHOE M MPOCTPAHCTBEHHOE pacipelieleHne UHTepdeporpaMM, HUCIOJIb3yeMbIX
JUISI TIOJTy4€HUsI BPEMEHHBIX psiioB nedopmanuu. ['opuzoHTanbHas ock rpaduka NpeacTaBiseT cooon
BpeMs, a BepTUKaJbHAs OCb — MEPHEHIUKYIAPHYIO 0a30BYI0 JIMHUIO MEXIy JBYyMs
PaauoNIOKAIMOHHBIMU U300PaKEHUSIMU, UCIIOJIb30BAHHBIMHU JJIS CO3/IaHuUs KX 10M HHTep(heporpaMMal.

Tunuunenii rpaduk O6a3oBoit ymHUM st MeToga SBAS comepxut psig MUHUN WM TOYEK,
MPEJICTaBISIIOIMX MHTep(hEeporpaMMbl, UCIOJb3yeMble B mpolecce o0padoTku. Touykd WM JTUHUU
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OyAyT BBIIEICHBI LBETOM B 3aBUCHUMOCTH OT TNEPHEHIUKYISPHOTO PACCTOSIHUA MEXIY JBYMs
PazOIOKAIIMOHHBIME W300paKEHUSIMH, MCIOJIB30BAHHBIMU JISI CO3JaHHsl HHTepdeporpammbl. Uem
OoyblIe PACCTOSHUE MEXIY Oa30BBIMH JIMHUSAMH, TeM Ooiblle pasHula ¢a3 MexXIy IByMs
n300paKeHUSIMH U TEM YyBCTBHTEIbHEE HHTEp(eporpaMmma K J1eopMaIuu.

I'paduk OazoBoit nuHUM (PUCYHOK 4) MOXET JaTh BaKHOE MPEACTABICHHE O KadecTBE U
HAJCKHOCTH BPEMCHHBIX PsIOB Jedopmanuu, MOTydeHHBIX ¢ moMoimbio Metona SBAS. On moxer
MIOMOYb BBISIBUTH OOJIACTH C TUIOXOM KOT€PEHTHOCTHIO, YTO MOKET IMIPUBECTH K HETOUHBIM N3MEPEHUSIM
negopmanmu. OH TakKe MOXKET BBIJCIUTH 00JACTU C BBICOKOH CKOPOCTBIO JeopManuu, KOTOpbIE
MOTyT IOTpeOOBaTh AaJIbHENIIET0 U3yueHus. ['opu3oHTaIbHas OCh YKa3bIBAET HA 1aTy ChbEMKH (B IHAX),
B TO BpeMsl KaK BepTHUKaJIbHasg 0TOOpaXkaeT MOJ0KEHUE CITyTHUKA B KocMoce (B MeTpax). Kaxknast Touka
Ha rpaduKe COOTBETCTBYET CIYTHUKOBOMY M300paXEHUIO, a Kaxnas JMHHUS [PEICTaBIsAET
uHTEphEpOrpaMmy.
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Pucynok 4. Cets nogxmrouenuss SBAS ans Bocxoasieit (cBepXy) U HUCXOAIIEH (CHU3Y) OpOUT

MHpekcel niymMa KOJMYECTBEHHO OLICHMBAIOT YPOBEHb IIyMa B KAXKJOM IHMKCEIE W BKJIIOYAIOT
TaKU€ METPHUKH, KaK KOT€PEHTHOCTb, CTAHJIAPTHOE OTKIIOHEHUE M KOJMYECTBO JOCTYIHBIX JaHHBIX,
IPEJICTaBICHHBIX B Ta0bnuie 1. OTU HHIEKCHI UCIIONIb3YIOTCS JUIS BBISIBJICHUS! HEHA/IEAKHBIX MMUKCENIeH B
JTAHHBIX BPEMEHHBIX pPAAOB. MacCKMpOBKAa WIYMHBIX NHMKCEIEH HMEET pellarouiee 3HAYEHUEe JUIs
oOecrnieyeHrs TOYHOCTH U HaJIe)KHOCTH MOTYYEHHBIX JaHHBIX cMelleHus. Hamngue mryMHbIX UKcenei

MOXXCT 3HAYUTCIIBHO ITOBJIMATH HA aHAJIN3 CMGHICHHfI 1 IIPUBECTH K OIINOOYHBIM HHTCpHIpCTALIUAM.

Tabmuma 1 — Uanekc myma

| Munexc myma || 3HaueHue |
| coh avg || CpenHee 3HaueHNE HMHTEPPEPOMETPHIECKOH KOrepeHTHOCTH 110 cTeky (ot 0 10 1) |
| n_unw I KonmmuecTBo pa3BEpHYTHIX JAHHBIX, HCIIOJIb30BAHHBIX B pacyéTe BPEMEHHBIX PsIJIOB |
| Vstd || CraHgapTHOE OTKIOHEHHE CKOPOCTH (MM/TO]T), OIleHEHHOE Ha mare 1-4 |
maxTlen MaxkcuManbHas IpOJI0JDKUTEIBHOCTS BPEMEHH B COSMHEHHON ceTH (B roaax). Yem Oopiie 3HaUCHHE,
TEM BBIINIC TOYHOCTHh OIICHKN CKOPOCTH
| n_gap I KonuecTBO NpOMEXYTKOB B CETH HHTEP(EPOrpaMm 1 pa3pblBOB BPEMEHHBIX PSJIOB |
Stc [IpocTpaHcTBEHHO-BpEMEHHAs COTIIACOBAHHOCTH (MM), KOTOpas MPEACTaBIsIeT COO0H MUHUMAIBFHOE

cpenHeKBaapaTHyHOe oTKIoOHeHHe (RMS) nBOMHBIX pa3nuuii BpeMEHHBIX PAOB B IIPOCTPAHCTBE U
BPEMEHU MEX 1y MMUKCENeM HHTepeca U COCEJHUM MHUKCEIEM CPEeU BCEX COCEHUX MUKCcenen

n_ifg_noloop KonnuectBo nntepdeporpamm 6e3 nerenb, KOTOPbIe He MOTYT ObITh IPOBEPEHBI C MOMOIIBIO
3aMBIKaHHS NIETEh W, BO3MO)KHO, COJIEPKaT HEONpeAeIEHHBIE OHOKN pa3BEPTHIBAHHS
| n_loop_err || KosuecTBO HE3aMKHYTBIX MIETelIb Mocie yrouHeHus cetu Ha [llarax 1-2 |
| resid_rms || CpenHekBaIpaTHYHOE OTKJIOHEHUE OCTAaTKOB B MHBEPCHU € MaJibIM OazucoM (SB) (Mm) |

TakxuM 00pa3om, TPeThs TlIaBa MPEACTABISIET COO0I KOMIUIEKCHOE U3JI0KEHUE U HHTEPIPETAIUIO
pe3yabTaTOB, MOJIYYEHHBIX B XOJI€ SMIIUPUUYECKOTO UCCIEAOBAHUS, U JIa€T LIEHHOE MPEJCTaBICHUE O
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JMHAMUKE CMEUICHUS 3¢MHOM MOBEPXHOCTH, BBI3BAHHOTO JICATEILHOCTBIO 1O J00BIYe HEPTH U Tra3a B
paiioHe UCCIEA0BAHUS.

[IpaBunbHas BHU3yanu3aluss M HWHTEpIpETAlUs JAaHHBIX BPEMEHHBIX PAJOB OYEHb BaXKHA, HO
0obIIOd 00BEM CBS3aHHBIX C HUMM JAHHBIX MOYKET MPEMsATCTBOBATH IUIABHON BH3yalH3allud MU
MHTYUTUBHON MHTeprnpeTanuu. Jid nmojsydyeHuss 3HaUMMbIX U TOYHBIX JAHHBIX O CMELIEHUSAX OYEHb
BaXHO BBIOpaTh COOTBETCTBYIOIIYIO ONOPHYIO 30HY, IIOCKOJBKY BCE M3MEPEHHS SIBISIOTCS
OTHOCHUTEJIbHBIMU, a He abcomoTHhIMU. K coxkaneHuto, OOJBIIMHCTBO MPOrpaMM HE MO3BOJSIOT
POBOJUTH UHTEPAKTHUBHOE UCCIICTIOBAHKE M BEIOMPATH MOAXOISAIINN 3TAIOH METOIOM ITPOO U OIIUOOK.
Jus perenust stoit mpobnemsl LICSBAS npenocTaBiisieT HHTEpaKTUBHBINA MTPOCMOTPIIMK BPEMEHHBIX
PSIOB ¢ IBYMsi Tpa)uueCKUMHE MOJIb30BaTEIbCKUMH HHTEpdericaMu (PUCYHOK 5).

Filtered velocity (mm/yr)

Filtered velocity (mm/yr)

-100

-120

-60

Pucynok 5. Kapra ckopocteii nepemenieHust JUisi CIICHbI BOCXO/SIICH (ClIeBa) U HUCXOISIIEH (CripaBa)
opouT

B InSAR mnporecc 1eKOMIO3UIIMU BOCXOASIINX M HUCXOASIIUX JaHHBIX O3HAYaeT pa3felieHue
untepdepomerpuueckoir ¢daspl (comepxaimieid curHan gedopmanuu) Ha JIB€ COCTaBISIOIIUE:
COCTaBIISIONIYI0, 00YCIOBIEHHYIO penbedoM (T.e. HopMOil TOBEPXHOCTH 3€MITH), U COCTABJISIONIYIO,
o0ycloBIeHHYIO AedopMalueil MOBEPXHOCTH. Takoe pa3liokeHHe HeoOXOIUMO, TOCKOIBKY Ha
uHTepdepomMeTpuueckyto a3y MOTYT BIUATH Kak peibed, Tak U qedopMalius, U pa3ieIeHre dTUX IBYX
KOMIIOHEHTOB TO3BOJISIET BBIACIUTh cUTHaN Jedopmainuu. Pa3nokeHrne BOCXOISMIIMX U HUCXOSIINX
naHHbIX B INSAR OOBIYHO BBIMONHSETCS C MOMOIIBI0O TEXHUKH, Ha3zbiBaeMOW '"0a30BO-3aBUCHMBIM
paszioxeHueM'", KOTopasi HCIONb3yeT TOT (akT, 4To uHTephepoMeTprueckas (aza UMeeT pa3IuyHbIe
XapaKTePUCTUKHU B 3aBUCUMOCTH OT TOT'O, CMOTPUT JIU pajiap Ha 3€MITIO C BOCXOISIIEH HIIM HUCXOISAIIEH
op6utsl. CpaBHuBasi uHTepdepoMeTprueckyro ¢Gazy ¢ BOCXOIAIIEH U HUCXOMAIIEH OpOUTHI, MOXKHO
pa3zenuth Tomorpadudeckyro u aedopmaimonnyro cocrapistonie. B Licsbas InNSAR pasnoxxenue
BOCXOMSIINX U HUCXOASAIIUX IAaHHBIX O3HAYAET pa3/iejICHHE PaJUOJIOKAIIMOHHOTO CHTHANIAa Ha JBE
COCTaBIISIIONIUE B 3aBUCHUMOCTH OT HAIPABJICHUS JBWKEHHUS CIYTHUKA OTHOCUTEIHHO MOBEPXHOCTH
3emnu. [log BOCXOASIIMMHU JaHHBIMH TIOHMMAIOTCS HW3MEPEHHsI, BBIMOJTHEHHBIE TPH IBUKCHUU
CIyTHHUKA C I0Ta Ha CEeBEp, a MO HUCXOISAIIUMU — U3MEPEHUS, BHITTOJIHEHHBIC TIPU JBUKCHUU CITyTHUKA
C ceBepa Ha IoT.

PaznoxxeHne BOCXONANIMX M HUCXOISIIUX JAaHHBIX OOBIYHO HCIIONB3YeTCS ISl pa3ielieHus
pa3IMYHBIX TUTOB Ae(opMannu, KOTOpble MOTYT IPOUCXOANTH Ha MOBepxHOCTH 3emuu. Kak mpaBuio,
BOCXOJSIIIIME JTaHHbIE 0OJiee YYBCTBUTENBHBI K BEPTHUKAIBHBIM JAedopManusM, a HUCXOIAIIHME — K
TOPU30HTAIBHBIM. Pe3ynbTaThl MOKa3bIBalOT B JABYX HAIPaBICHUSX BEPTUKAILHOM (CEBEp-IOT) U
TOPU30HTAILHOM (BOCTOK-3ara) (pUCyHOK 6).
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MECTOPOKICHUN He(TH U ra3a

3nauenue RMSE, paBnoe 1,894097, o3HauaeT, 4yTO B CPEAHEM pa3HMIA MEXKIY U3MEPEHUSIMU

SBAS InSAR u GPS cocrasnser 1,894097 emumun. Kosddurment nerepmunamuu R2

CTAaTUCTHYCCKHIA IIOKa3aTciib, KOTOpBIﬁ JacT I/IH(l)OpMaLII/IIO 0 TOM, HACKOJIBKO XOpOIIO IMOAXOAWUT

perpeccroHHast Mofiesib. B JaHHOM ciy4yae 3HaueHue R?=0,9 st HaIpaBJIEHUsI BOCTOK-3aI1a]] O3Ha4aeT,

yro npumepHo 90% nanabix GPS coorBercTBYeT maHHBIM, moiydeHHBIM MetonoM SBAS INSAR.
Bmecre 3nagenns RMSE u R? naror Goree monmHOe NPEICTaBICHHE O COBMAICHMM JBYX HAOOPOB
nanubix. 3Hauenrne RMSE, paBHoe 2, yka3bIBaeT Ha 1OCTATOYHO XOPOIIYIO KOPPEISITUI0 MEKTY IBYMS
HaOOpaMu JaHHBIX, a 3HAYCHHE KOIPPUIIMCHTA JTeTSPMUHAIINH, YKAa3bIBA€T HA CHIIGHYIO CBSI3b MEKIY
nanabiMu GPS u SBAS InSAR B nanpaBnenun BocTok-3amaja. OgHAKO BAXKHO OTMETHTH, YTO ITH

3HAYCHHA MOT'YT MCHATHCA B 3aBUCHMOCTHU OT KOHKPCTHOI'O Ha60pa JaHHBIX U YCHOBHﬁ, B KOTOPBIX

TPOBOIMIIMCH U3MEpeHUsl (PUCYHOK 7).

d:HarnpasaeHume BocTok-3anapg
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Pucynox 7. I'paduk xoppemnsiuu mexay SBAS InSAR u GPS
a) HarpaBieHue BocTok-3ama, a) BepTHKAIBLHOE HAIPaBICHUE
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B koH1e 3TOro pasnena cieisaHO OKOHYATENbHOE 3aKJIIOUEHHUE 10 TUCCEPTAlUU U IOJBEICHBI
UTOTH OCHOBHBIX BHIBOJIOB M BKJIaJIa B HcCiIeOBaHuE. B pa3nene Taxke 00CyXIat0TCsl MOTEHIIHATIbHBIC
BO3MOXKHOCTH npuMeHeHHs aHanu3a SBAS-InSAR 11t MoHUTOpUHIa M ynpaBieHUs NpocajkaMH Ha
HE(TEra3oBbIX MECTOPOXKICHHUAX, a TaKXKE BO3MOXKHBIC HANpaBJICHUS] W CTPATerHH OyAyIIHUX
UCCIIE0BAHUMN.

CpaBHeHHE pa3NUYHBIX HE(TSHBIX MECTOPOXKICHUN IMMOKA3aJ0, 4TO HE(PTIHOE MECTOPOKACHUE
CeBepHblil benpumx nMeeT camble BBICOKME TEMIIbI CMELIEHMS] 3€MHOM IOBEPXHOCTH, CO CpeAHEH
CKOpocThio cMmerienusi 25 mm/ron. Ha nedrsnom mecropoknenun Jloct-Xwmmms-benpumk takke
HaOJII01aIMCh BBICOKME TEMIIBI CMeLeHHs, B cpeaneM 20 mm/rof. [l cpaBHEHUs, HA MECTOPOXKICHUHT
Cayt-benpumk cKopocTh epeMeIieHus cocTapsiia okoo 10 Mm/To, a Ha MeCTOPOXKICHUU MU Ty)ii-
CaHcer — camasi HU3Kasi, B CpeIHEM 5 MM/TO/I.

CpaBHeHUE pa3IMYHBIX HEPTAHBIX MECTOPOXKICHUH TPOBOIMIIOCH C LIENIBIO BBISBICHUS PAa3TUIni
B XapaKTepe CMEILEHUs 3eMeb MEXy HUMHU. VccnenoBaHue mokasajio, 4TO CaMble BBICOKHE TEMIIbI
CMEIlleHUs 3eMelb HabOmojaroTcss Ha MectopoxaeHun CesepHblit benmpumk, 3a HUM clIeayroT
mecropoxaeHuss FOxubii benpumk, Munysii-Cancer u Jloct-Xwus-benpumx. Cambie BBICOKHE
MOKa3aTes Iy MepeMenIeHus: ObUTn OOHAPYKEHBI Ha TEPPUTOPUSIX, TPUIICTAIOIINX K He(Te100bIBAIOIIUM
NPEINPUSATHIM, TAKAM KaK He(DTSHBIC CKBaKUHBI, HATHETATEIIbHBIE CKBAXKUHBI M MECTa cOpOca CTOYHBIX
BOJI.

Kpome Toro, mccienoBaHue IoKas3ajo, 4TO YPOBEHb IepeMelieHusi 3emeib Ha CeBepHOM U
OxxHOM MecTopoxneHusx benapupk Obul 3HAUMTENBHO BBINIE, YEM Ha MECTOPOKIAEHUSX Muysii-
Cancer u Jloct-Xwmn3-benpumk. 3To MOKET OBITH CBSI3aHO ¢ HECKOIBKUMHE (DaKTOpamMu, BKIIFOYAs TUTT
HEPTSHOTO IUTacTa, TIIyOWHY 3alleraHusi, HUCTOPUI0 JOOBIYM W METOABl U3BJIeUeHHs HedTH,
HCIIOJIb3YEMbIE Ha KaXJI0M MECTOPOXKICHUU.

B mpenpinymux vcciaenoBaHusAX TakKe MPOBOANIIOCH CPaBHEHUE MOJeNIel CMEIeHUs 3eMJIM Ha
Pa3IUYHBIX HETAHBIX MECTOPOXKACHUIX € TOMOIIbIO MeToA0B InSAR.

OTO MOAYEPKUBAET BAXXHOCTh CPAaBHEHUS MOJIEJIeN CMEILEHUS 3eMEeJb Ha Pa3InYHbIX HE(PTAHBIX
MECTOPOXKACHUSIX JJIsl JYYIIEero MOHMMAaHUs OCHOBHBIX IMPUYUH U MOTEHIMAIBLHOTO BO3JCHCTBUS Ha
OKpYXKAaIoIIYI0 Cpely W Onu3iexaliue HaceJeHHbIe MYHKThl. AHaJIN3 BPEMEHHBIX PSJAOB CMEIICHUS
36MHOM IOBEPXHOCTHU IOKa3aJl, YTO CKOpPOCTb CMEILIEHUS H3MEHsUlach ¢ TedeHueMm BpemeHu. Ha
He(TAHBIX MecTopoxaeHusX CeepHblil benpumx u Jloct-Xumis-benpumak HabIr01a710Ch TOCTOSHHOE
yBenuueHue ko3pduipenton nepemenienus ¢ 2014 no 2016 rox, 3aTeM OHU HECKOJIBKO CHU3MIHMCH J10
2018 rona, mocie yero cHoBa Hayanu pactu. Ha Hedraubix mectopoxaenusx FOxubiii benpumx u
Munysii-Cancer Kk03(Q@QHUIIMEHTHl BBITECHEHUS OBLIM OTHOCHTENIBHO CTA0WJIBHBIMH B TEUYEHHE
AHAIM3UPYEMOro NIEpUoa, ¢ HeOONbIIMMU KOJIEOaHUSIMU.

beim mpoBeneH aHalM3 BPEMEHHBIX pPANOB Ha OCHOBE AaHHbIX INnSAR s u3ydeHusd
3aKOHOMEPHOCTEHM IepeMelleHusl 3eMelb Ha YeThIpeX HEePTIHBIX MECTOPOXKICHUAX. AHaIU3
BPEMEHHBIX PAJOB TMpEAnojiaraeT oOTcleXHBaHHe aedopMaluyd TMOBEPXHOCTH BO BpEMEHH s
BBISIBJICHUS 3aKOHOMEPHOCTEH M TeHAEHIMH B cMelleHuH. JIJig KaKaoro HeTSHOTO MECTOPOXKIACHUS
OBLJT MOCTPOEH rpag MK BPEMEHHOT'0 PsiJia, MOKAa3bIBAIOIINN CMEIIEHNE TOBEPXHOCTH 3€MJIM C TEYEHHUEM
BpeMeHH. /[l mocTpoeHuss rpaduka HUCHOJIb30BAIMCH 3HAYEHMS] CMEIIEHHUS, W3BJICUEHHBIE W3
uHTEpdeporpamMm it KaKJ10r0 BPEMEHHOTO 111ara.

['paduku BpeMEHHBIX PSAAOB MOKa3bIBAIOT, YTO CMEILIEHHE MOBEPXHOCTH 3€MJIM U3MEHSETCS CO
BPEMEHEM Ha BCeX 4YeThlpex HeTsIHbIX MecTopoxaeHusx. Ha mecrtopoxxnenun CeBepHblii benpumxk
TEH/ICHIMSI CMELIECHUs ¢ TEUEHHUEM BPEMEHH OTHOCUTEIbHO CTA0MIIbHA C HEKOTOPBIMU KOJIEOAHUSMH B
ckopoctu cmenieHus. Ha mectopoxknennn FOxubiii benpumk HaOmrogaeTcs aHajdoTHYHAs KapTHHA
nepeMeIieHus1, Ho ¢ Oosiee cTabuinbHON TeHaeHnue. Ha nedrssHoM MecTtopoknennn Munysii-Cancer
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HaOJII01aeTCsl TEHACHINS YBEJIMYCHUS CMEIEHHUS C TeUCHHEM BPEMEHHU, YTO YKa3bIBaeT Ha YCKOPEHHUE
ocemanus. Ha nedranom wmectopoxnaenun Jloct-Xwmns-benpumx HaOmogaeTcss WHas KapTUHA!
OTHOCHUTEJIbHO CTAaOMJIbHAs TEHACHIUS CMELICHHs B NEPBOW IMOJOBHHE HCCIEAYEeMOTO IepHoja, 3a
KOTOpOH CJIeyeT pe3Koe yBeIuueHne ckopoct cMmetenus B 2020 roay.

AHan3 BpPEMEHHBIX PAIOB JaeT HEHHYI0 HH(OPMAIMIO O XapakTepe MepeMelIeHHs 3eMHOM
MOBEPXHOCTH Ha 4YeThIpeX HEPTIHBIX MECTOPOXKICHHUSIX. AHAIM3 TaKXKE I03BOJIAET BBIIBUTH
IIOTCHIMAIbHBIE IPUYUHBI IIEPEMELIEHUS 3€MENb, YTO PACCMATPHUBACTCS B CIEAYIOLIEM pasjene. B
LIEJIOM, AHAJIW3 BPEMEHHBIX PSJIOB C HCIIOJIb30BaHMEM JaHHbIX InSAR naer mpencraBieHue o
JIOJTOCPOYHOH IMHAMHKE MTEPEMEIICHUS 3eMelb Ha YEThIPEX HEPTSIHBIX MECTOPOKACHUSX.

OCHOBHBIE PE3YJIbTATBI UCCJIEJOBAHUSA

e Ommcan meToJ aHanu3a qaHHbIX SBAS-InSAR, BriTtouaromumii npeaBapuTenbHy0 00paboTKy,
reHepaIuio naTepdeporpaMm U aHaIU3 BPEMEHHBIX PSIJIOB.

e CdopmynupoBaH U pelieH psij HOBBIX 3a7a4 TOYHOTO U JETAILHOTO ONPEACIICHUs] CMEIICHUS
3eMHOM MMOBEPXHOCTH € HCIIOJIb30BaHHEeM MeToa 6a30BbIxX tuHu SBAS-INSAR, mpenycmarpuBaronimx
BO3MOXXHOCTh HCIIOJIb30BAHUS PAa3HOBPEMEHHBIX MaHHBIX C MHHMMH3AIHMEH MOTEepH TOYHOCTH,
BBI3BaHHBIX aTMoc(]epoil u penbedom.

e [lomyuensl manubie InSAR, Bkitouas mHTepdeporpamMmbl, KapThl KOTEPEHTHOCTH M KapThl
CMEIICHUH, ISl PA3IMYHBIX YYaCTKOB UCCIIEIOBAHUS WM BPEMEHHBIX IEPHOIOB.

e PaszpaboraH mporpaMMHO-MAaTeMaTHUECKHI ammapar, pealu3oBaHHbI Ha s3bike Python,
UCTIONB3YeMBbIH I 00paboTku 1 aHanm3a gaHHbIX InSAR. Komruieke nmeer pa3BuThiil rpadudeckuit
uHTepdelc Toyb30BaTeNsl, OOCCIEUYMBAIOIIMNA BBOJI-BBIBOJ JIAHHBIX, YIPABJICHUE MPOIECCOM
00paboTtku gaHHBIX INSAR 1 rpadudeckoe mpeacTaBieHUE Pe3yIbTaTOB aHAIN3A.

e [lpemmoxen MeTON CTATUCTUYECKOTO aHajdW3a paJHOJOKAlMOHHBIX JaHHBIX InSAR,
OTIpECISIONINN 3aBUCUMOCTh CKOPOCTHU JABUKEHUS 36MHON KOPBI  TEMIIOB 100bIYH HE(TH.
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AHHOTAIIUA JTUCCEPTAIIN

B nuccepranmm paccMaTpuBAIOTCST METOAbI OOpaOOTKM MYJIBTUBPEMEHHBIX KOMIIO3UTHBIX
PaIuOIOKAIIMOHHBIX JAHHBIX JJIS OCYIIECTBICHUS MOHUTOPUHTA JIBUKECHUS B JMHAMUYECKH OMACHBIX
CHUTyallUsiX C AaKIEHTOM Ha CMEUICHHE TPYHTa KaK 3HAYUTENBbHYIO HKOJOTHYECKYIO Mpodiemy,
CBSI3aHHYIO C OOBIYel HedTH U rasza. VcciegoBaHa BO3MOKHOCTh U 3(P(PEKTHBHOCTD MCIOIb30BAHUS
merona SBAS-INSAR (Small Baseline Subset) ans MonuTopuHra cMeleHus rpyHTa Ha ITH HeQTSHBIX
mectopokaeHusx B okpyre Kepn, Kamudopuus (Hopt-benpumk, Cayr-benpumxk, Munysii-Cancer,
Jloct-Xwmn3 u  Onk-Xwwiz). PaccMaTpuBaioTCsi METOJOJIOTHYECKHME TPOOJIEeMbl, Takue Kak
aTMoc(epHble TIOMEXH M JIEKOPPEISIHsS JaHHBIX, a TaKkKe MPeJIaraloTcs CTPATeTHH IMOBBIIICHUS
TOYHOCTH JaHHBIX SAR ans obOecneueHHs HaIEXKHBIX, BBICOKOPA3pEIIAIOINX W BPEMEHHO-
YyBCTBUTEJBHBIX HW3MEPEHUH JBWXKEHHMS TpyHTa. llpeacraBieH mOJyaBTOHOMHBINH IOAXOM K
U3BJICUCHUIO JeOpMAaLIMii U MCIIOJIb30BaH MHOTOMEPHBII aHalIM3 ¢ MOMOINbI0 n300pakeHunii SAR Ha
BOCXOJISIIIEH M HHUCXOJIIEH OpOMTax, JAONOJHEHHBIX OTCIC)KMBAHHMEM CMEIICHUS THKCEIeH s
MOHUTOPHHTA HHU3KOKOTE€PEHTHBIX 30H. OTOT HMHTETPUPOBAHHBIA MOIXOA JAeT KOMIUIEKCHOE
NOHMMaHHUE JMHAMUKHU CMEIICHUS 3eMHON KOPBHI.

C wucnonn3oBanueM Metona SBAS-INSAR uepe3 unctpymentst LICSBAS u mopran Comet
NPOAaHATM3UPOBAHBI JAHHBIC CIIYTHUKA Sentinel-1 ayis BBITOJHEHUS] BpEMEHHOTO aHAIIU3a U U3y4YCHUS
IBOJTIOIMU CMENICHHsI TpyHTa. Ha Bocxosiei opOuTe HAOIIOACHHUS OXBATHIBATIH 6,6 JIET U BKIIOYAIN
ceTb u3 256 n3zobpaxennii u 1499 uarepdeporpamm. AHAIIOTUIHBIN aHAIN3 TPOBEICH HA HUCXOISIIICH
opowure.

HccnenoBanue NpenocTaBisieT AETaJbHOE I[OHUMAHUE MOJIENEeH CMELIEHUS IOBEPXHOCTH,
(akTOpOB, CIIOCOOCTBYIOMIMX 3THUM IPOIEccaM, U MOTEHIMAIbHBIX PUCKOB B 30HAaX J00bIYM HEPTH H
rasa.

DISSERTATION ABSTRACT

The dissertation discusses methods for processing multitemporal composite radar data for
monitoring movement in dynamically dangerous situations with an emphasis on land displacement as a
significant environmental issue linked to oil and gas extraction. This research explores the feasibility
and effectiveness of the Small Baseline Subset (SBAS) InSAR technique for monitoring land
displacement in five oil fields in Kern County, California (North Belridge, South Belridge, Midway-
Sunset, Lost Hills, and Elk Hills). It addresses methodological challenges such as atmospheric
interference and data decorrelation, while implementing strategies to improve SAR data accuracy for
reliable, high-resolution, and time-sensitive measurements of ground movement. The study also
introduces a semi-autonomous approach for extracting deformations and utilizes multi-dimensional
analysis through ascending and descending SAR images, complemented by pixel offset tracking to
monitor low-coherence areas. This integrated framework delivers comprehensive insights into the
dynamics of land displacement.

Utilizing the SBAS-INSAR method through the LICSBAS toolbox and Comet Portal, Sentinel-1
satellite data were analyzed to perform time-series analysis and examine the temporal evolution of land
displacement. In the ascending orbit, observations spanned 6.6 years, with a network of 256 images and
1499 interferograms. In the descending orbit, similar analyses were conducted.

The study provides a detailed understanding of surface displacement patterns, contributing factors,
and potential hazards in oil and gas extraction regions.
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