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Preface to “Geodetic Monitoring for
Land Deformation”

Land deformation is a hazard that can lead to serious problems. For example, it can increase
the risk of flooding in coastal areas, damage buildings and infrastructures, destroy local groundwater
systems, generate tension cracks on land, and reactivate faults. It has become a global problem.
Consequently, it is essential to monitor land deformation, so that land surface change and/or
movement can be better understood and managed for securing the safety of people.

The goal of this Special Issue is to collect papers to provide insights about the use of modern
geodetic measurement techniques for land deformation identification, monitoring, and impact
assessment. This book covers the up-to-date research in the development and application of
modern geodetic technology, including spaceborne radar interferometry (INSAR), Ground-Based
Synthetic Aperture Radar (GB-SAR), Global Navigation Satellite Systems (GNSS), Unmanned Aerial
Vehicles (UAV), Terrestrial Laser Scanning (TLS), Pixel Offset Tracking (POT), etc., in accurate land
deformation mapping and damage evaluations. This book can be used as a reference for expertise in
surveyors, environmental engineers, disaster managers, and urban planners. The Guest Editors are
grateful to the authors for their contributions of high-quality studies and, specifically, to the MDPI
team for their effective assistance and cooperation. Without their devotion and support, it would

have been impossible to publish this book

Alex Hay-Man Ng, Linlin Ge, Hsing-Chung Chang, and Zheyuan Du
Editors
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1. Introduction

Land deformation is a pervasive hazard that could lead to serious problems, for exam-
ple, increasing risk of flooding in coastal areas, damaging buildings and infrastructures,
destructing groundwater systems, generating tension cracks on land, and reactivating
faults, to name only a few. Hazards caused by land deformation have been reported in
many places around the world. Consequently, it is critical to monitor land deformation so
that the land surface change and/or movement can be better understood and managed for
safeguarding lives.

In the past decades, modern geodetic measurement techniques such as radar interfer-
ometry (InNSAR), global navigation satellite systems (GNSS), light detection and ranging
(LiDAR), close-range photogrammetry (CRP), Robotic Total Station (RTS), digital level-
ling, etc., have played a very important role in measuring land deformation. With the
continuous advancements in geodetic measurement techniques, precise land deformation
can be detected in high spatial and temporal scales with the diversification of sensors
and processing methods. This has led to extensive applications in the spatio-temporal
analysis of areas prone to deformations. These applications have become momentous for
surveyors, environmental engineers, disaster managers, urban planners, etc. As such, we
organized this Special Issue to cover the latest developments and applications in geodetic
measurement techniques.

The Special Issue “Geodetic Monitoring for Land Deformation” of Remote Sensing
consists of 14 individual works by researchers from various countries and a variety of
geodetic measurement techniques and applications, including landslide monitoring, glacier
mapping, infrastructure deformation detection, mine subsidence monitoring, and land
surface mapping. This editorial provides an overview of the studies presented in this
Special Issue. For the ease of access to the readers, a summary of the input data and
techniques used in each paper and their applications is provided in Table 1.

Remote Sens. 2023, 15, 283. https:/ /doi.org/10.3390/rs15010283 1
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Table 1. Overview of geodetic monitoring methods, data, and geohazard types that are dis-
cussed in the fourteen research papers composing the Special Issue “Geodetic Monitoring for
Land Deformation” of Remote Sensing. Papers are sorted in ascending order according to their

publication date.

Source

Title

Geographic Focus

Applications

Techniques

Data

Wu et al. [1]

Comparative Analysis of
the Effect of the Loading
Series from GFZ and
EOST on Long-Term
GPS Height Time Series

Global

GPS Height
Time Series

Comparative
Analysis

GNSS

Wyszkowska
etal [2].

Determination of Terrain
Profile from TLS Data
by Applying

Mgpiit Estimation

Not applicable

Determination of
Terrain Profile

Mplir Estimation

TLS

He et al. [3]

Analysis and Discussion
on the Optimal Noise
Model of Global GNSS
Long-Term Coordinate
Series Considering
Hydrological Loading

Global

GNSS Long-term
Coordinate Series

Comparative
Analysis

GNSS

Cai etal. [4]

An Accurate Geocoding
Method for GB-SAR
Images Based on
Solution Space Search
and Its Application in
Landslide Monitoring

Sichuan

Landslide
Monitoring

GB-SAR
Interferometry

GB-SAR
UAV

Jia et al. [5]

A Semi-Automatic
Method for Extracting
Small Ground Fissures
from Loess Areas Using
Unmanned Aerial
Vehicle Images

Qinghai; Gansu

Ground Fissure
detection

Image
Classification,
Image
Segmentation,
Feature Extraction

UAV

Gong et al. [6]

Retrieve Ice Velocities
and Invert Spatial
Rigidity of the Larsen C
Ice Shelf Based on
Sentinel-1
Interferometric Data

Antarctica

Glacier Flow
Monitoring

InSAR, Pixel Offset
Tracking

Sentinel-1
SAR

Luo et al. [7]

A Loading Correction
Model for GPS
Measurements Derived
from Multiple-Data
Combined Monthly
Gravity

Global

GPS Time Series

Comparative
Analysis

Kuang et al. [8]

Displacement
Characterization and
Spatial-Temporal
Evolution of the 2020
Aniangzhai Landslide in
Danba County Using
Time-Series INSAR and
Multi-Temporal

Optical Dataset

Sichuan

Landslide
Monitoring

InSAR; Pixel Offset
Tracking

Sentinel-1
SAR;
PlanetScope
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Table 1. Cont.

Source Title Geographic Focus Applications Techniques Data
Construction of . UAV
" L Collaborative .
Space-Sky-Ground Monitoring; infrared;
Yan et al. [9] Integratgd Collaborative Shendong Mine ?aubsmlence INSAR; TLS: UAV: TLS;'
Monitoring Framework mapping GNSS CORS: Sentinel-1
for Surface Deformation ’ SAR; GNSS;

in Mining Area

Ground Surveying

Steel ruler

Zhang et al. [10]

The Current Crustal
Vertical Deformation
Features of the
Sichuan-Yunnan Region
Constrained by Fusing
the Leveling Data with
the GNSS Data

Sichuan—Yunnan

Crustal Movement
observation

Data Fusion;
GNSS; Ground
Surveying

GNSS;
leveling

Xing et al. [11]

Measuring Land Surface
Deformation over Soft
Clay Area Based on an
FIPR SAR
Interferometry
Algorithm—A Case
Study of Beijing Capital
International

Airport (China)

Beijing

Urban Subsidence

InSAR; FIPR

TerraSAR-X
SAR

Liu et al. [12]

Quantitative Evaluation
of Environmental
Loading Products and
Thermal Expansion
Effect for Correcting
GNSS Vertical
Coordinate Time Series
in Taiwan

Taiwan

GPS Height
Time Series

Comparative
Analysis

GNSS

Jiao et al. [13]

Comprehensive Remote
Sensing Technology for
Monitoring Landslide
Hazards and Disaster
Chain in the Xishan
Mining Area of Beijing

Beijing

Landslide
Monitoring

InSAR; Change
Detection

RadarSAT-2
SAR;
Quickbird;
GeoEye-1;
Worldview-
2; Pleiades;
BJ-2; Aerial
Photo

Han et al. [14]

A Deep Learning
Application for
Deformation Prediction
from Ground-

Based InNSAR

Sichuan

Landslide
Monitoring

GB-InSAR Time
Series Analysis

GB-SAR

2. Detection of Land Movement Using Remote Sensing Techniques

The use of modern geodetic monitoring technologies to accurately identify the de-
formation zones and examine their dynamics is one of the important applications in
environmental monitoring. Time-series INSAR (TS-InSAR) has been widely used for map-
ping long-term deformation in recent years because of its capability for deriving accurate
time-series measurements at millimeter accuracy with large spatial coverage. The con-
ventional TS-InSAR technique often requires mathematical empirical models which may
not be optimized for describing the nonlinear characteristics of the movement, such as
temporal settlement evolution for soft clay. To overcome this limitation, Xing et al. [11]
proposed a modified TS-InSAR algorithm, namely FIPR (FastICA Poisson curve reciprocal
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accumulation method) for mapping infrastructure built on soft clay. This proposed algo-
rithm first separates the original INSAR unwrapped phase information based on FastICA,
and then models each extracted deformation component based on its physical characters.
The extracted soft soil-related physical deformation component is modelled with Poisson
function, and the reciprocal accumulation method (RAM) is utilized to derive the model
parameters to generate the total time-series deformation. Xing et al. [11] applied the pro-
posed algorithm over the Beijing Capital International Airport in China, which showed an
improvement in modelling accuracy by 36.6% and 16.1%, respectively, for the proposed
model compared to the EWA-LM (linear model with equal weight accumulation) algorithm
and the EWA-PC (Poisson curve with equal weight accumulation) algorithm.

Gong et al. [6] used a set of Sentinel-1 SAR imagery to retrieve the ice flow velocities
of the Larsen C Ice Shelf (LCIS) in Antarctica and then inverted the rigidity of the LCIS
based on the deformation data obtained. Since the Sentinel-1 SAR imagery from only
one viewing geometry was available for the study, the direct retrieval of 2D velocity field
was not possible. Gong et al. [6] proposed to use the artificial neural network (ANN) to
recover the azimuth displacement obtained from pixel offset tracking (POT) techniques
and integrated with the InNSAR results to retrieve the 2D velocity field.

Feature extraction from remote sensing data is widely used to monitor geological
hazards caused by land movement. However, conventional extraction techniques are not
ideal when dealing with the image of the loess regions due to their rich texture information.
Jia et al. [5] proposed an advanced MF-FDOG algorithm for rapid and precise acquisition of
ground fissures in the loess areas. Jia et al. [5] applied the proposed data processing scheme
with the UAV images acquired at the complex mountainous terrain regions in Qinghai and
Gansu for ground fissures extraction. Jia et al. [5] demonstrated that small ground fissures
in loess areas can be extracted from high-resolution UAV images with better accuracy and
robustness compared to the conventional methods.

3. Mapping Ground Deformation with Fusion of Multiple Datasets

An interesting topic included in this Special Issue is the fusion of multiple geodetic
techniques to enhance the mapping capability for various land deformation applications.
With the rapid advancement in the diversity of geodetic monitoring techniques, modern
geodetic monitoring techniques have the capability to obtain a full of multi-temporal
subsidence patterns of the land with various spatial resolutions and coverage. Since
different geodetic monitoring techniques have their unique strength, ways to fully utilize
these techniques for land subsidence applications is an issue needed to be solved.

GNSS is currently of the most popular geodetic monitoring techniques for surveyors
and engineers worldwide. One of the major limitations for GNSS in deformation mapping
is that even though the of number stations has increased significantly in the past decades,
the spatial resolution of the measurement is still one of its weaknesses compared to other
modern geodetic technologies. In order to deal with this issue, Zhang et al. [10] fused
the levelling measurements with the GNSS measurements to derive the regional vertical
motion field of Sichuan—Yunnan region in China with enhancement in spatial resolution.
Zhang et al. [10] used the least squares collocation method to obtain the crustal vertical
movements in Sichuan—Yunnan region by combining the high-precision levelling data of
1970s—-2010s and the GNSS observation of 320 GNSS stations in the China Crustal Move-
ment Observation Network (CMONOC) and the China Continental Tectonic Environment
Monitoring Network (CMTEMN) from 1999 to 2017. Zhang et al. [10] demonstrated that
fusion can improve the precision of the vertical subsidence rates in large spatial scales with
finer spatial resolution over the region.

Yan et al. [9] established a “space-sky-ground” integrated monitoring framework for
mine subsidence monitoring applications. Yan et al. [9] successfully applied the framework
for mapping the mine subsidence of a Shengdong coal mine and demonstrated that the
framework established, together with the Analytic Hierarchy Process Technique for Or-
der Preference by Similarity to Ideal Solution (AHP-TOPSIS) model, can obtain a more
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comprehensive information of the subsidence evolution of the site compared to the single
monitoring technique.

4. Monitoring Landslide and Slope Stability

Landslides are natural phenomena distributed all around the world. In the past,
mapping and monitoring landslides was difficult because many of the landslides occur
in remote and rural areas that are often inaccessible. With the advancements in remote
sensing technology, the use of remote sensing techniques for monitoring the landslide has
become a very popular research topic in recent years, especially in China. Many studies
have been conducted on the landslide monitoring methods with various remote sensing
sensors and platforms.

Kuang et al. [8] jointly used the Sentinel-1A /B satellite SAR data and the PlanetScope
satellites optical images to investigate the deformation time series for the Aniangzhai
(ANZ) landslide in Sichuan Province, China. Kuang et al. [8] used optical pixel offset
tracking (POT) and InSAR techniques to map the pre- and post-failure surface deformation
over the ANZ slope. Kuang et al. [8] was able to identify and characterize several areas
of pre-failure movements before the re-activation of the ANZ landslide, and suggested
that the most significant triggering factor for the landslide was because of the heavy
rainfall. In another article, Jiao et al. [13] collected multi-temporal remote sensing data
to extract the deformation information of the landslides in Beijing, China from optical
images and time-series INSAR. Jiao et al. [13] demonstrated the capability to use the high-
resolution optical images and InSAR data to identify and track the surface deformation
of the landslides in Anzigou ditch, Beijing. By analyzing the deformation time-series
data together with the temperature and geological data, Jiao et al. [13] determined that
the landslide evolution process is closely related to the geological conditions, where the
medium and large landslides may occur and trigger a “Quarry-Landslide-Mudflow”
disaster chain. The information obtained from multi-platform and multi-sensory remote
sensing technologies can be very useful for geological disaster prevention and disaster
warning forecasting.

Although the use of INSAR for monitoring ground deformation was first developed
for spaceborne application, it has later extended to observations using ground-based SAR
sensors because of its capability of high precision as well as high resolution in spatial and
temporal domains. Ground-based synthetic aperture radar interferometry (GB-InSAR)
has become a popular geodetic technique for monitoring slope instability, especially for
landslide deformation monitoring applications. To accurately identify and locate the
deformation target for early disaster warning, near real-time processing and high-accuracy
geocoding are essential. To tackle the real-time processing problem, Han et al. [14] proposed
an improved GB-InSAR time-series processing method based on the LSTM (long short-
term memory) model. The method used the deformation and atmospheric parameters
obtained from previous acquisitions as the dataset of the LSTM model to predict the
deformation and atmospheric delay in the current acquisition. Since only the difference
between the current acquisition and the previous one needs to be computed, the method
greatly reduced the computer resources and processing time to deliver the time-series
data in real time, which significantly improved the processing efficiency for deformation
prediction and disaster warning forecasting. Han et al. [14] applied the proposed method
to monitor the Guangyuan landslide in Sichuan Province, China. The results show that
the proposed method processing time has improved by approximately 7.5 times compared
to the traditional method with high deformation prediction accuracy and low memory
requirement. To deal with the high-accuracy geocoding issue, Cai et al. [4] proposed an
accurate GB-SAR image geocoding method based on solution space search. Cai et al. [4]
proposed to use the external high-resolution DSM derived from the UAV photogrammetry
to establish a GB-SAR coordinate transformation model to improve the geocoding accuracy.
Cai et al. [4] applied the proposed method to monitor the Laoguanjingtai landslide in
Sichuan Province, China. The results show that the method is useful in research aiming
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to overcome the problem of GB-SAR images for selecting the control points in a complex
scattering environment. As a result, subpixel geocoding accuracy can be achieved.

5. Improvement of Current Geodetic Measurement Techniques

Another major aspect included in this Special Issue is the research on the improvement
of the conventional geodetic measurement techniques.

Wyszkowska et al. [2] proposed an approach to apply the Mgp;; estimation in de-
termining the terrain profiles from terrestrial laser scanning (TLS) point clouds. In the
study, both squared Mp;; estimation and the absolute Mgp;; estimation were considered.
Wyszkowska et al. [2] demonstrated that even if there are outliers in an observation set, the
proposed approach is still efficient and can provide good terrain profiles compared to the
conventional least squares estimation. The result also suggested that better results can be
obtained with absolute Mjp;; estimation than with the squared Mgpy;; estimation.

There has been growing interest in positioning techniques based on GNSS for mapping
global land deformation with a rapid increase in GNSS continuously operating reference
stations in recent years. The study of improving the displacement estimation accuracy has
hence become a hot topic, especially in using various loading correction models to improve
the accuracy of the GNSS time-series estimation. Wu et al. [1] conducted a comparative
analysis to investigate the effect of different loading products from GFZ and EOS, on
nonlinear signals in GNSS vertical coordinate time series of 633 global GNSS stations. The
results show that the environmental loading corrections are able to reduce the nonlinear
deformation signal in most stations around the world, with average reduction rates of
10.6% and 15.4% for all stations after GFZ correction and EOST correction, respectively.
Positive root mean square (RME) reduction rates are observed in 82.6% and 87.4% of the
stations after GFZ correction and EOST correction, respectively. Wu et al. [1] demonstrated
that the effects of environmental loading corrections are inconsistent amongst all stations,
the reason for which can be the influence of the annual phase difference between GNSS
vertical coordinate time series and the environmental loading products. Liu et al. [12] later
conducted a similar study but focused on the GNSS network in Taiwan. Liu et al. [12]
quantitatively evaluated the driving factors of nonlinear signals in vertical coordinate
time series of stations in the GNSS network, including atmospheric loading (ATML),
hydrological loading (HYDL), and non-tidal ocean loading (NTOL) effects. Liu et al. [12]
showed that there was no significant difference in correction performance of different
environmental loading products. Liu et al. [12] suggested that the combination ATML
(GFZ_ECMWF IB) + HYDL (IMLS_MERRA?2) + NTOL (IMLS_MPIOMO06) is the most
suitable for GNSS network in Taiwan Province. Aside from using the common GCM-based
loading models, Lu et al. [7] investigated the use of the multiple-data-based combined
monthly gravity products LDCmgm90 to provide improved surficial loading models. Lu
etal. [7] applied the LDCmgm90 loading model at 249 Global GNSS stations, and compared
the results with the three GCM-based loading models, i.e., IMLS, EOST, GFZ models. The
result shows that the correction obtained from LDCmgmO90 is more effective in attenuating
seasonal loading signals compared to the IMLS, EOST, GFZ models. In addition, the use of
LDCmgm90 shows a significant improvement to most stations for both data-trend-removed
and the data-trend-retained cases. He et al. [3] analyzed and discussed the optimal noise
model characteristics of global GNSS time series data of 671 IGS reference stations from
2000 to 2021. He et al. [3] analyzed different noise model combinations and computed the
optimal noise model for each station before and after hydrologic loading correction. The
results show that optimal noise model characteristics of most stations can be classified into
three main categories: white noise + flicker noise, generalized Gauss-Markov noise and
white noise + power law noise. The maximum velocity influence value can reach 1.8 mm
when hydrological loading is considered.

These selected 14 papers offer a significant contribution to geodetic monitoring for
land deformation. With the advance of remote sensing techniques, increase in open earth
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observation data, and rapid development of machine learning and artificial intelligence,
we look forward to upcoming novel research on land deformation mapping.
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Abstract: In order to investigate the effect of different loading models on the nonlinear variations in
Global Positioning System (GPS) height time series, the characteristics of annual signals (amplitude
and phase) of GPS time series, loading series from Deutsche GeoForschungsZentrum, Germany (GFZ)
and School and Observatory of Earth Sciences, France (EOST) at 633 global GPS stations are processed
and analyzed. The change characteristics of the root mean square (RMS) reduction rate, annual
amplitude and phase of GPS time series after environmental loading corrections (ELCs) are then
detected. Results show that ELCs have a positive effect on the reduction in the nonlinear deformation
contained in most GPS stations around the world. RMS reduction rates are positive at 82.6% stations
after GFZ correction and 87.4% after EOST correction, and the average reduction rates of all stations
are 10.6% and 15.4%, respectively. As for the environmental loading series from GFZ and EOST,
their average annual amplitudes are 2.7 and 3.1 mm, which explains ~40% annual amplitude of GPS
height time series (7.2 mm). Further analysis of some specific stations indicates that the annual phase
difference between GPS height time series and the environmental loading series is an important
reason that affects the reduction rates of the RMS and annual amplitude. The linear relationship
between the annual phase difference and the annual amplitude reduction rate is significant. The linear
fitting results show that when there is no annual phase difference between GPS and loading series,
the reduction rates of the RMS and annual amplitude will increase to the maximum of 15.6% and
41.6% for GFZ, and 22.0% and 46.6% for EOST.

Keywords: GPS height time series; surface mass loading; RMS reduction rate; annual amplitude and
phase; annual phase difference

1. Introduction

In recent two decades, many researchers have undertaken various topics on earth science by
means of Global Positioning System (GPS) time series obtained from continuous GPS (CGPS) stations,
including analysis of periodic signals [1-5], detection of stochastic models [6-9], spatial filtering
methods [10-14], and surface loading models (SLMs) [15-23].

Existing research results indicate that land mass redistribution is one of the principal causes of the
nonlinear motion in GPS time series. By establishing SLMs (including atmospheric loading, nontidal
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Remote Sens. 2020, 12, 2822

oceanic loading, hydrological loading, etc., and together referred as environmental loadings) and
computing the displacement series derived from elastic deformation, effects of geophysical signals on
certain GPS stations can be acquired and studied effectively. Characteristic changes of long-term GPS
time series before and after the correction of environmental loadings are then compared and analyzed
to detect the influence of these loadings, which is helpful to further understand the nonlinear changes
included in GPS time series.

van Dam et al. [15] analyzed GPS height time series of 19 stations in the northern hemisphere,
and concluded that when atmospheric loading was applied, the total variance of the GPS series
could be reduced by 24%, and the atmospheric loading series fluctuated more at higher latitudes.
van Dam et al. [17] also found that the nonlinear motion in GPS height time series would be better
explained when the influence of unmodeled topographic variability on surface pressure estimates
was taken into account. Jiang et al. [19] analyzed the causes of the nonlinear variations in the GPS
time series of 11 IGS stations in China. They believed that after environmental loading corrections
(ELCs, including atmospheric loading, nontidal oceanic loading, snow and soil moisture loading),
the annual amplitude of GPS height series could be effectively weakened, while the effect of ELCs on
the horizontal components (north and east) could not.

In the last two years, the effect of ELCs is still a heated topic. Yuan et al. [22] analyzed 235 Crustal
Movement Observation Network of China (CMONOC) stations for the nonlinear motion at GPS stations.
They calculated the displacement series caused by environmental loadings (including atmospheric
loading, nontidal oceanic loading and hydrological loading) and found that after ELCs, the average
root mean square (RMS) of GPS height time series could be reduced by ~20%. Andrei et al. [24] reported
on the consistent and homogeneous data processing and analysis of a 15 year long time series of
ABOA, a Finnish Antarctic research station. Then, they compared the loading series from three service
providers GFZ, EOST and International Mass Loading Service (IML), and an obvious difference was
found in the nontidal oceanic loading (NTOL) between GFZ and EOST. Li et al. [25] computed the land
surface displacements derived from five atmospheric products and compared them with the position
time series at 596 global GNSS stations. Results showed that the ERA-Interim model performs best in
reducing the scatter of GNSS time series, and the ELC effect at inland stations is better than island
stations for all five models. Li et al. [26] investigated the performance of different loading products on
the RMS reduction in GNSS time series at CMONOC stations. They concluded that the difference in
RMS reduction can reach 20% in the vertical component according to different ELCs applied.

The time span of GPS time series influences noise models, while a long-term series helps to
reduce the influence of different noise models on uncertainties of the estimated parameters [27,28].
As the observation data of global GPS stations continue to accumulate, time spans of GPS time series
obtained after data processing also increase. Therefore, it is necessary to re-evaluate the parameters of
global long-term GPS time series to promote further understanding of the earth surface variation with
more accuracy. On the other hand, although the nonlinear motion contained in the GPS time series
cannot be completely eliminated by geophysical model corrections, the modeled loading corrections at
different GPS stations are quite different. Many previous studies focused on the study of SLMs and the
analysis of the ELC effect, while further exploration about why the ELCs perform differently among
GPS stations is also important.

Apart from the application in establishing the global terrestrial reference frame, GPS time series
can also be applied in some regional geodynamics studies, such as earthquakes, landslides, subsidence
and volcanoes. GPS stations located in these geodynamics processes contain not only long-term
displacements caused by crustal movement and environmental loadings but also some short-term local
variations produced by seismic or volcanic activities. Although both lines of research require different
temporal resolutions and time spans of GPS data, it provides an effective method in geodynamics
research if the GPS time series keeps a consistent high temporal resolution. The main purpose of this
paper was to compare loading products from GFZ and EOST, and detect their effect on the characteristic
changes of global GPS height time series; then, to further explore the causes of the annual amplitude
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and phase differences between the observed and modeled displacement series. Based on 20 year GPS
height time series of the globally distributed 633 stations and surface loading data provided by GFZ
and EOST, environmental loading effects on GPS height time series of these stations were analyzed,
mainly including the spatial distribution characteristics and change of RMS reduction rate, annual
amplitude and phase change before and after ELCs. The influence of the colored noise combination,
white noise and power law noise (WN+PL) was taken into account, which helped to accurately estimate
parameters in the deterministic model of GPS time series. The reason for the large differences in the
effect of ELCs on some specific stations was mainly studied. Finally, the relationship between the
annual phase difference (between GPS height time series and the environmental loading series), RMS
and annual amplitude reduction rate were linearly fitted to obtain the functions between them.

2. Data and Methodology

2.1. GPS Height Time Series

GPS data were obtained from Scripps Orbit and Permanent Array Center (SOPAC), one of
the data analysis centers of the International GNSS Service (IGS). The data set included raw and
processed GPS time series results. The SOPAC products mainly used in this paper are the linearized
mean series after removing the offsets (coseismic or noncoseismic) and outliers, and maintaining the
seasonal periodic signals in order to analyze the impact of environmental loadings. More detailed
descriptions about the GPS postprocessing and coordinate time series can be found at the SOPAC
website—http://sopac-csrc.ucsd.edu/index.php/gambit-globk/.

Before data analysis, it is necessary to select GPS stations according to data quality. The first
selection criterion is that the effective time span of a GPS station in two decades (1999~2018) needs to be
greater than 5 years, and 705 stations meet this demand from all 1147 stations. The second is that there
are no dramatic abnormal variations, including variations caused by large postseismic deformations,
single-station-related deformations and others from unknown reasons. We inspect these stations one
by one and delete 39 unsatisfactory stations with 666 stations remaining. Third, in order to combine
the GPS stations from SOPAC with the loading series of ~6500 stations worldwide from the EOST
dataset, we acquire 633 common stations, as shown in Figure 1. The datasets we acquired from SOPAC
already excluded most of the stations affected by large earthquakes, and this is expressed by the rare
stations along the western coast of the United States where earthquakes happen frequently.
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Figure 1. Layout of 633 global GPS stations and their effective time spans in 20 years (1999~2018).
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2.2. Environmental Loading Data

Mass redistribution of atmosphere, oceans and terrestrial water storage can cause changes in
surface mass loading, resulting in displacements on the Earth’s crust [29,30], which can be called
environmental loading deformation. Based on different geophysical observations and earth models,
SLMs can be established to evaluate the influence on the nonlinear displacement of GPS stations [22].

Different organizations and institutes provide products of environmental loading displacement,
including GFZ [31,32] in Germany, EOST (http://loading.u-strasbg.fr/, [33]) Loading Service from
University of Strasbourg in France and the Global Geophysical Fluids Center (GGFC, https://geophy.
uni.lu/) established by the International Earth Rotation and Reference Systems Service (IERS). Using
the environmental loading products provided by GFZ and EOST, this paper estimated displacement
series in 633 global GPS stations, and then deducts these displacement series from GPS height time
series, so as to analyze the ELC effect derived from products of different organizations.

GFZ provides elastic deformation data of the global land surface derived from atmospheric loading
(NTAL), nontidal oceanic loading (NTOL) and hydrological loading (HYDL) on a 0.5 x 0.5° regular
global grid, with temporal resolutions of 3 (for NTAL and NTOL) and 24 h (for HYDL). The input
geographical data that GFZ adopt to produce products of NTAL, NTOL and HYDL are, respectively,
from the European Centre for Medium-Range Weather Forecasts (ECMWE), the Max-Planck Institute
Ocean Model (MPIOM, [34]) and the Land Surface Discharge Model (LSDM, [35]). Based on these
loading deformation grid data, a bicubic interpolation method was used to obtain displacement series
at each station. In order to unify their temporal resolutions, NTAL and NTOL series with 3 h intervals
were averaged into daily results. When calculating the sum loading (SUML) series, firstly, we added
grid data of the above three loadings, then used the same interpolation method to obtain the SUML
series so as to reduce the accuracy loss caused by more interpolations.

EOST provides models of 3D surface displacements, surface gravity and tilt variations at
~6500 global stations, computed using atmospheric, oceanic and hydrological general circulation
models. The NTAL loading series employed in this paper were calculated from datasets of ECMWF
Reanalysis with a temporal resolution of 6 h (ERA-Interim, [36]). This NTAL model runs from 1979 to
present and is updated once per month. The spatial resolution of ERA-Interim is 0.75° in longitude
and latitude. This model assumes an inverted barometer ocean response to pressure forcing in model
establishment. HYDL loading series were estimated from the MERRA2 model [37] with a temporal
resolution of 1 h. The output of the MERRA2 model is a regular 0.625 x 0.5° in longitude by latitude grid
data [25]. This hydrological model considers soil moisture and snow depth. The NTOL loading series
were estimated from the Estimating the Circulation and Climate of the Ocean Phase II (ECCO2, [38])
ocean bottom pressure with a temporal resolution of 24 h and spatial resolutions of 0.25°. Detailed
information about the loading model difference between GFZ and EOST can be found in Li et al. [26].

2.3. Methodology

GPS time series can be expressed as the sum of deterministic and stochastic models [39]. The former
consists of polynomial, seasonal signals (annual and semi-annual) and offsets. The stochastic model is
commonly known as noises. The functional model of the GPS time series can be expressed as follows:

Tp 1y na ny
x(t) = Z p,-(t—tR)l + Z b]'H(f— t]) + Z Aksin(a)kt—i-(pk) + Z aklog(l + (t— tk)/Tk) +¢ (1)
=0 i=i =1 K=1

where p; is the coefficient of 1, degree polynomial; ¢ is the epoch of the GPS time series; t is the
reference epoch; H(t) is the Heaviside step function used to model offsets with amplitudes b;; 1, is
the number of offsets and #; are the epochs of these offsets; Ay, wy and ¢y are the amplitudes, angular
velocities and initial phases of periodic signals, respectively; 1,4 is the number of periodic signals,
k =1 for annual signal and k = 2 for semi-annual signal; 1y, is the number of logarithmic functions
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used to model postseismic deformation; a; and T are two parameters of the logarithmic function; t; is
the epoch of earthquakes that caused logarithmic displacement; ¢ is the residual series that can be
expressed as a combination of varied noise models.

In this paper, we assumed that the polynomial degree was one which is commonly used. Offsets
and postseismic deformations of the GPS time series were excluded from the SOPAC products. As for
the stochastic models, Hector software [40] was used to estimate the amplitude and phase of the periodic
signals in the GPS height time series. This software, like the same type of CATS software [41], is based
on maximum likelihood estimation, while the improved algorithms have fastened the computational
speed [42]. Therefore, when estimating the periodic signals, we used the noise combination WN+PL
as the noise model of the residual series, and it could simultaneously estimate the noninteger spectral
index of the residual series.

When assessing the impact of ELCs on GPS height time series, the RMS reduction rate was used
as an indicator, expressed as:

RMSgps = RMSgps—sumL
RMSgps

RMS eduction = )
In the same way, after deducting the environmental loadings, annual amplitude and phase of GPS
height time series also change along with the RMS reduction rate. Annual amplitude reduction rate is

expressed as:
AMPgps — AMPGps_sumL

AMP eguction = AMPgps

©)

3. Results and Analysis

3.1. RMS Reduction Rate

After deducting the SUML displacement series of GFZ and EOST from the GPS height time series,
RMS reduction rates are shown in Figure 2. It can be seen from Figure 2a,b that the RMS reduction
rates at most stations (523) were positive, accounting for 82.6% of all 633 stations. It indicates that ELCs
had a positive effect on correcting the nonlinear deformation of GPS height time series at most stations.
As for the ELCs result of GFZ, the number of stations with RMS reduction rates between 0% and 10%
was 211, accounting for 33.3% of the total stations. The average RMS reduction rate of all stations
was 10.6%. From Figure 2¢,d, more GPS stations (553) had decreased RMS values after ELCs of EOST,
making up 87.4% of the total stations. The average RMS reduction rate of all stations was 15.4%.

From Figure 2a,c, the impact of ELCs on GPS height time series had obvious spatial distribution
characteristics, and were similar to each other. Overall, the ELC effect in the middle and high latitudes
was larger than that in low latitudes. In detail, GPS stations in northern North America, eastern
Europe, northwestern Asia and Antarctica had a significant ELC effect where the RMS reduction rates
were higher. In the southern United States, Central America, southern South America, central and
southern Africa, the correction effect of environmental loadings was not obvious, even some stations
with RMS increased.

According to the statistics of Figure 2a, the average RMS reduction rates of GPS stations in the low,
middle and high latitude regions were 2.4%, 12.7% and 13.9%, respectively, while the counterparts for
Figure 2c were 4.2%, 19.8% and 12.7%. In respect to RMS reduction rate, EOST loading series helped
more than GFZ products in reducing the nonlinear variation at GPS stations. EOST showed a more
concentrated distribution of RMS reduction rates than GFZ (Figure 2b vs. Figure 2d), with less extreme
values. It is worth noting that there were gaps in the GPS height time series. In order to keep the
same number of observations in the GPS and loading time series, the loading series (consecutive) was
processed into nonconsecutive with the same epochs as the GPS series.
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Figure 2. Root mean square (RMS) reduction rates of the 633 global Global Positioning System (GPS)
stations after environmental loading corrections (ELCs) and their histograms. Panels (a,b) show the
ELC effect by deducting GFZ loading series, while panels (c,d) illustrate the effect of EOST loading
series. For clear comparison, panel (d) keeps the same range of abscissa and ordinate axes as panel (b).

As observed from Figure 2a, the two African GPS stations located near equator, MBAR (Uganda,
30.7°E 0.6°S) and RCMN (Kenya, 36.9°E 1.2°S) had the lowest RMS reduction rates of —79.2% and
—20.8%, respectively. MBAR is located on the shore of Lake Victoria, the largest African (and third
largest worldwide) lake, and RCMN is nearby. However, these two stations did not show the same
obvious negative ELC effect in EOST results as in the GFZ results, as shown in Figure 2a,c. The region
is controlled by the equatorial low pressure, with annual rainfall and lake water being abundant.
The hydro-climatic characteristics are complex and changeable, so different HYDL models in this
small-sized area had large variations, as expressed in Figure 3a. In addition, for other GPS stations
with negative RMS reduction rates, both GPS and environmental loading series contained obvious
annual signals, and the large difference of their annual phases is likely to cause the GPS time series to
be more scattered after ELCs. The reason will be further discussed in the next section.

This deviation between loading series from GFZ and EOST can also be represented at stations
with positive RMS reduction rates. Observed from Figure 2a, two GPS stations near the equator, POVE
(Brazil, 296.1°E 8.7°S) and KOUR (French Guiana, 307.2°E 5.3°N) had RMS reduction rates of 48.4%
and 33.1%, respectively, significantly higher than other stations in the low latitude area. From the EOST
results in Figure 2c, the counterparts of these two stations were 26.6% and 30.3%. These two stations
are located in the Amazon rainforest and also controlled by the equatorial low-pressure zone. There
are rich precipitation and lush vegetation that bring huge amounts of transpiration and evaporation.
Compared with Lake Victoria, the Amazon rainforest is nearly 80 times larger in acreage, so it is
more likely to be considered when establishing hydrological models; therefore, the real hydro-climatic
characteristics can be acquired through these models, as shown in Figure 3b. The GPS height time
series and loading series of GFZ and EOST at POVE tended to have similar annual amplitude and
phases. After ELCs, RMS and the annual amplitude of the GPS-GFZ series greatly decreased. Although

14



Remote Sens. 2020, 12, 2822

there was also an obvious decrease in RMS value for the GPS-EOST series, the residual seasonal terms
were still obvious. Therefore, it was necessary to analyze the difference of the annual amplitude and
phase with respect to GPS height time series, GFZ and EOST loading series.

(a) MBAR (Uganda, 30.7°E 0.6°S) (b) POVE (Brazil, 296.1°E 8.7°S)
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Figure 3. Comparison of ELCs effect in four GPS stations (a) MBAR, (b) POVE, (c) BJFS and (d) CUSV.
Scatters in blue, red and green represent GPS height series, environmental loading series from GFZ and
EOST. Scatters in magenta and yellow are GPS residual series after removing loading series from GFZ
and EOST. For clearance, GFZ and EOST series were moved upward and downward 35 mm. GPS-GFZ
and GPS-EOST series were moved 70 mm.

3.2. Annual Amplitude and Phase Change

Many studies have demonstrated that there are obvious periodic signals in GPS height time
series, and among the signals of various frequencies, the amplitude of annual signal is the largest [43].
In order to study the influence of the loading series from GFZ and EOST on the characteristic changes
of annual motion at global GPS stations, based on the WN+PL noise model, the annual amplitude
and phase of GPS height time series were calculated before (Figure 4a,b) and after the ELC process
(Figure 4g,h for GPS-GFZ; Figure 4i,j for GPS-EOST), and meanwhile the annual amplitude and phase
of the loading series (Figure 4c,d for GFZ; Figure 4e,f for EOST).

As can be seen from Figure 4a, the GPS height time series contains strong annual signals with the
maximal amplitude of ~20 mm (NOVM, Kazakhstan, 82.9°E 55.0°N). It means that the magnitude
of nonlinear motion reaches centimeters at some GPS stations, so it is necessary to take into account
the nonlinear variation at the GPS stations and the corresponding geophysical mechanisms when
establishing the global terrestrial reference frame. For the spatial layout features of the annual
amplitude, GPS stations in the northern hemisphere are generally larger than the southern hemisphere;
Eurasia (especially its inland), larger than other continents; and land larger than islands. The average
annual amplitude of all 633 stations was 7.2 mm.
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Figure 4. Spatial distribution of the annual amplitude (left panels) and phase (right panels) derived
from 5 kinds of series (a,b) GPS, (c,d) GFZ, (e f) EOST, (g,h) GPS-GFZ, (i,j) GPS-EOST at global GPS
stations. In order to clearly show the change of distribution features, the scales of the annual amplitude
(left panels) are different.

The annual phase of the GPS height time series had more obvious global changes, as shown in
Figure 4b. The annual phase of the GPS stations in the northern hemisphere mostly appeared during
180-270 days (expressed as day of year, DOY), that is, July to September. In the southern part of the
Earth, annual phases were concentrated in 0-60 and 300-360 days, that is, November to February of next
year. For these GPS stations, on the day of their annual phases, they were in the furthest place away
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from their initial positions and also the Earth’s center of figure. It can be explained that the annual
phase of GPS height time series was directly related to the latitude of the subsolar point. In other words,
when the subsolar point appeared in the northern hemisphere (spring equinox to summer solstice,
then to autumn equinox), during this period (approximately 80-266 DOY), 93.9% of the GPS stations
in the northern hemisphere responded by reaching their respective annual phases. Similarly, when
the subsolar point wandered at the southern hemisphere (autumn equinox to winter solstice, then to
spring equinox again), during this period (approximately 266 to 80 of next year), 62.6% of the GPS
stations located here also responded. As the GPS stations in the Antarctic and Greenland somehow
showed different phases to other regions in their respective hemispheres, the above two ratios would
both increase after excluding the GPS stations in these two regions. The relationship between the
annual phase of the GPS stations and the latitude of the subsolar point would be more obvious.

The annual amplitude and phase of the environmental loading series are shown in Figure 4c,d
(for GFZ) and Figure 4ef (for EOST). The comparison in Figure 4a,c,e shows that the annual amplitude
of the environmental loading series was generally smaller than that of the GPS height time series.
The average annual amplitudes of the GFZ and EOST loading series at 633 stations were 2.7 and
3.1 mm, respectively. Compared with the counterpart of the GPS series (7.2 mm), the environmental
loading series of GFZ and EOST could explain about 38.4% and 43.3% of the GPS annual amplitude.

There were similar change features of spatial distribution among them, but meanwhile, an obvious
difference existed. The annual amplitude of the GPS series in the northern hemisphere was generally
larger than that in the southern hemisphere, while this feature seemed unapparent for GFZ and EOST
loading series. The annual amplitude of the environmental loading series was larger in the inland
of Eurasia and the Brazilian Plateau, such as POVE in Brazil, with the largest annual amplitude of
15.5 mm for the GFZ loading series.

The spatial distribution of the annual phase derived from the environmental loading series had
more significant latitude-related and land-sea characteristics. For stations located on ocean islands,
the annual amplitudes of GFZ and EOST were mostly distributed from DOY 330 to 120 of next year,
that is, December to next April, and they also represented obvious latitude-related differences for
stations situated on land. From the equator to 30°N, the annual phases of most stations appeared in
DOY 30-120 (excluding island stations in the Caribbean Sea for GFZ), that is, February to April. From
the equator to 30°S, annual phases of most stations appeared in 270-360, that is, October to December.
From 30 to 60°N, most annual phases were distributed between 210 and 270 (August to September),
while from 30 to 60°S, annual phases mostly emerged from 330 to 60 (December to next February).
For high-latitude regions, the annual phases of the environmental loading series on the Greenland
and Antarctica were concentrated near 210 and 360, standing for July and December, respectively.
Compared with the GPS series, the annual phase of the environmental loading series had more obvious
latitude-related distribution features.

After the ELC process, spatial distribution of the annual amplitude and phase are displayed in
Figure 4g/h (for GPS-GFZ) and Figure 4i,j (for GPS-EOST). To ensure that parameter estimations before
and after ELCs are not affected by stochastic models, the same WN+PL noise model was employed.
Comparing Figure 4a with Figure 4g,i, the GPS annual amplitudes were decreased and its spatial
features were also weakened. The average annual amplitude was 5.3 mm for GPS-GFZ and 4.9 mm for
GPS-EOST after ELCs. Compared with the annual amplitude before ELCs (7.2 mm), the amplitude
reduction rate was 26.6% for GFZ and 31.6% for EOST.

Particularly, stations NOVM and POVE had the two largest annual amplitudes of 19.5 and 18.1 mm
before ELCs. While after ELCs, their annual amplitude decreased to 11.9 and 2.4 mm for GPS-GFZ
series, and to 10.3 and 10.3 mm for GPS-EOST series. In GPS-GFZ series, the annual amplitude of
TIXI (Russia, 128.9°E 71.6°N) was the largest (12.1 mm). Compared with its counterpart of 12.2 mm
before ELCs, its annual amplitude reduction rate was only 0.9%. Even worse, the annual amplitude
of 16.9% stations increased after GFZ correction, such as station WUHN (China, 114.4°E 30.5°N)
increasing by 3.3 mm. Similarly in GPS-EOST series, the largest annual amplitude was 10.9 mm at
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station COVX (USA, 284.3°E 36.9°N), and the annual amplitude reduction rate was 9.3%. To facilitate
further discussions, the annual amplitude and phase of the above 5 GPS stations are listed in Table 1.

Table 1. Statistics of the annual amplitudes and phases at 5 GPS stations.

Stations  (°E) CN) Country Annual GPS  GFZ  EOST GPS-GFZ GPS-EOST
NOVM 829 550  Kazakhstan ?ﬁff&? 21191,58 2?75.0 2?414 21015?2 21009,?33
POVE 261 =87 ol T a9 ows  oa ma  om
TIXI 1289 716 Russia [;}ﬂgg 2122122 1266.9 211122 21224.17 2;54.5
WUHN - 1144 305 China ?k[:;};il 1269.1 9()2,39 1;28 2§i2.7 2?33.1
covx 283 39 Usa P w8 sz miy 2

Comparing Figure 4b with Figure 4h,j, the GPS annual phase changed significantly after ELCs.
The north—south difference of the annual phase was basically eliminated and it appeared at around
DOY 230 for most stations. The percentage of stations with an annual phase between DOY 200 to 260
was 80.3% for GPS-GFZ series, and 78.4% for GPS-EOST series. In addition, the annual phase of the
GPS stations located in southeastern Australia, New Zealand and nearby islands and the Antarctic
were apparently different from other stations, most of which were distributed from DOY 300 to 60 of
next year.

Anderei et al. [24] estimated the seasonal signals (including annual and semi-annual components)
at station ABOA, a Finnish Antarctic station research station located in Dronning Maud Land, East
Antarctic. Figure 5 shows the 32 Antarctic stations of this study and the station ABOA. Although
ABOA was not included in this study, the station VESL is relatively near to it, so some comparisons
could be made in Table 2. There were differences in the estimations of the annual and semi-annual
amplitudes between ABOA and VESL. For station ABOA, the annual amplitude was a little larger
than the semi-annual amplitude; while for VESL, the annual signal predominated in its annual motion.
For all 32 stations, there were 7 stations with a difference of the annual amplitude and semi-annual
amplitude smaller than 0.5 mm, so such differences were probably determined by the local geophysical
effects. Overall, the average annual amplitude was 3.05 + 0.73, nearly twice as much as the semi-annual
amplitude. The spectral indexes of ABOA and VESL were nearly equal, which means that their height
time series contained the same temporally correlated colored noise. The average index value for the
total 32 stations was —1.0, so the GPS height time series at the Antarctic showed obvious flicker noise.

A South Pole

AL oa
A

180°

Figure 5. Spatial layout of the Antarctic GPS stations. The 32 blue triangles represent the GPS stations
of this study, and the red dot denotes the ABOA station in Andrei et al.
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Table 2. Comparisons of the seasonal signals and spectral index between the GPS height time series
at stations ABOA and VESL. The column “Mean” displays the average values of the 32 stations.

(unit: mm).
ABOA VESL Mean
Annual Ampli 243 +0.57 3.27 £0.59 3.05+0.73
Semi-annual Ampli 214+ 042 0.68 +0.34 145+ 048
Annual Phase 23/24 August 21 July 14 May
Spectral Index -09 -09 -1.0

4. Discussions

Comparing the annual amplitude changes of five GPS stations before and after ELCs in Table 1,
it can be seen that ELCs had a significant effect on the first two stations (NOVM and POVE). Their annual
amplitude reduction rates are 39.2%, 86.5% after GFZ correction, and 47.3% and 47.2% for EOST
correction, respectively. Loading series from GFZ and EOST both have a positive role in reducing
the GPS annual amplitude. For station TIXI, the effect of GFZ correction is not obvious as its annual
amplitude reduction rate is 0.9% only, while the effect of EOST correction is much better with the
reduction rate of 39.2%. The difference exists because the EOST annual amplitude and phase is closer
to the counterpart of the GPS series than GFZ. For station WUHN, the correction effect of GFZ and
EOST loading series seems to have a larger difference, because the annual amplitude reduction rate is
—56.1% for GFZ and 61.4% for EOST. Although GFZ annual amplitude (6.3 mm) is closer to the GPS
annual amplitude (5.9 mm) than EOST (4.4 mm), its annual phase has a much larger difference with
GPS than EOST. As a result, the GFZ loading series plays a negative role in reducing nonlinear motion
at this station.

From the above discussions, it is obvious to conclude that ELCs perform effectively at some
stations where GPS series and loading series not only have similar annual amplitudes but also similar
annual phases. Therefore, after the ELC process, the GPS series contains much less fluctuations, so the
nonlinear motion becomes significantly weakened. For station NOVM, although its annual amplitudes
of GPS series and loading series are quite different, the annual phase difference is only in a range of a
few days, so a good ELC effect can also be obtained. On the other hand, ELCs will result in poor effects
at stations where there is a large difference of annual phase between GPS series and loading series,
despite a small difference of annual amplitude between them. The peaks of the two series cannot be
eliminated in the differencing process, leading to the nonlinear motion in the GPS series increasing,
such as the GFZ effect at station WUHN.

In order to visually show the ELC effect at the total number of GPS stations, the annual amplitude
reduction rate of GPS series and its histogram were obtained, as shown in Figure 6. The annual
amplitude reduction rates at most GPS stations are positive, accounting for 83.1% of total stations
for GFZ correction and 82.8% for EOST correction. It indicates that environmental loadings have a
positive effect on the annual variations at most GPS stations. The average annual amplitude reduction
rate of all stations is 21.1% for GFZ and 23.9% for EOST. Specifically, the annual amplitude reduction
rate of GPS stations located in Eurasia, Australia, northern North America and central South America
is more obvious, while for stations in Central America, the Caribbean Sea and some marine islands,
the annual amplitude reduction rates are comparatively small.

In order to investigate the relationship between the ELC effect and annual phase difference,
the absolute phase differences between the GPS series and GFZ, EOST loading series were calculated.
The spatial distribution and histograms of the absolute phase difference are shown in Figure 7
(IGPS-GFZ| for Figure 7a,b; |GPS-EOST]| for Figure 7c,d). The number of GPS stations with a phase
difference of 0-30 days (one month) is 410 for GFZ, and 427 for EOST, accounting for 64.8% and 67.5%
of all stations, respectively. Comparing Figures 6 and 7, the annual phase differences and the annual
amplitude reduction rates at the GPS stations have a comparatively consistent spatial distribution,
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similarly showing that the annual phase differences in the GPS stations located in Central America and
some ocean islands are obviously different from stations in other regions.
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Figure 6. Layout of the annual amplitude reduction rate of GPS height time series after GEZ and EOST
loading corrections (panels (a,c)) and their corresponding histograms (panels (b,d)).
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Figure 8 illustrates the linear relationship between the annual phase difference (assumed as
independent variable X), annual amplitude reduction rate (dependent variable Y1) and RMS reduction
rate (dependent variable Y2). It is apparent that there is a strong linear relationship between annual
phase difference X, annual amplitude reduction rate Y1 and RMS reduction rate Y2, indicating that the
annual phase difference directly affects the reduction rate of the annual amplitude and RMS.

120} (a) = Y1: Amplitude Reduction Rate
v _Y2: RMS Reduction Rate

Y2=-0.141*X + 15.564
R*=70.206

120} (b) = Y1: Amplitude Reduction Rate
v Y2: RMS Reduction Rate

Y2 =-0.184*X + 22.020
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Figure 8. Linear fitting of annual phase differences (X) with reduction rates of annual amplitude (Y1)
and RMS (Y2). Panel (a) shows GPS vs. GFZ results, and panel (b) shows GPS vs. EOST results.

According to the linear fitting results in Figure 8a (GPS vs. GFZ), when the annual phase difference
is zero, the reduction rates of annual amplitude and RMS will be the largest, which are 41.6% and
15.6%, respectively. The two ratios are larger in the fitting results of Figure 8b (GPS vs. EOST), which
means EOST loading series are possibly more helpful in reducing the nonlinear variations in the GPS
time series. In addition, the goodness of fit between X and Y1 is greater than that between X and Y2,
indicating that the linear relationship between the annual phase difference and the annual amplitude
reduction rate is stronger.

5. Conclusions

This paper analyzes the characteristic changes of 20 year GPS height time series of global 633
stations before and after the environmental loading corrections of GFZ and EOST products, including
the reduction rate of RMS, annual amplitude and annual phase difference. Some conclusions were
drawn as follows:

Environmental loading corrections have a positive effect on the reduction in the nonlinear motion
in GPS height time series of the global GPS stations. RMS reduction rate is positive at 82.6% of stations
for GFZ correction and 87.4% for EOST correction, and the average value of all stations is 10.6% and
15.4%, respectively. RMS reduction rate shows an obvious latitude correlation that the ELC effect in the
middle and high latitude performs better than in the low latitude.

As for the GPS height time series, the annual amplitudes in the northern hemisphere are generally
larger than that in the southern hemisphere; Eurasia (especially its inland), larger than other continents;
and land larger than islands. The average annual amplitude of all GPS stations is 7.2 mm. The global
layout characteristics of the annual phase are obvious. Most of the annual phases in the northern
hemisphere appear from July to September, while in the southern hemisphere, they are concentrated
from December to next February. The annual phase of the GPS height time series is affected by the
latitude of the subsolar point.

As for the environmental loading series of GFZ and EOST, their average annual amplitude is 2.7
and 3.1 mm, which explains the ~40% annual amplitude of the GPS height time series. The annual
amplitude derived from the environmental loading series is generally smaller than that from the
GPS height time series, and they have similar characteristics of spatial distribution. Compared with
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GPS height time series, the annual phase of environmental loading series shows a more obvious
latitude correlation.

After ELCs, the annual amplitudes of most GPS height series are decreased, and their spatial
features are also weakened. The average annual amplitude is 5.3 mm for GPS-GFZ and 4.9 mm for
GPS-EOST after ELCs. Compared with the annual amplitude before ELCs (7.2 mm), the amplitude
reduction rate is ~30%. The annual phases of GPS height time series also change significantly.
They are distributed around 230 days in most stations, and are distributed between 200~260 days for
~80% stations.

The effect of ELCs varies greatly among global GPS stations. The largest annual amplitude
reduction rate can reach about 87%, while for some stations, the nonlinear motion increases significantly
after ELCs. The difference between the annual amplitude and phase of GPS height time series and
environmental loading series can be an immediate reason for the unevenness of ELC effects, and the
annual phase difference has a greater influence.

According to the fitting results of the RMS reduction rate, annual amplitude reduction rate and
annual phase difference, the linear relationship between the annual phase difference and the annual
amplitude reduction rate is stronger. Meanwhile, EOST loading series are possibly more helpful in
reducing the nonlinear variations in GPS time series.
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Abstract: This paper presents an application of an M,;; estimation in the determination of terrain
profiles from terrestrial laser scanning (TLS) data. We consider the squared Myp);; estimation as
well as the absolute Mp);; estimation. Both variants have never been used to determine terrain
profiles from TLS data (the absolute Mgp;; estimation has never been applied in any TLS data
processing). The profiles are computed by applying polynomials of a different degree, determining
which coefficients are estimated using the method in question. For comparison purposes, the profiles
are also determined by applying a conventional least squares estimation. The analyses are based on
simulated as well as real TLS data. The actual objects have been chosen to contain terrain details
(or obstacles), which provide some measurements which are not referred to as terrain surface; here,
they are regarded as outliers. The empirical tests prove that the proposed approach is efficient and
can provide good terrain profiles even if there are outliers in an observation set. The best results are
obtained when the absolute Mgp);; estimation is applied. One can suggest that this method can be
used in a vertical displacement analysis in mining damages or ground disasters.

Keywords: M,j;; estimation; TLS measurements; terrain profiles; vertical displacements

1. Introduction

Laser scanning is a popular technique of data acquisition nowadays. Laser scanning
data are acquired as point clouds of varying resolution. Depending on the type of plat-
form, there is airborne laser scanning (ALS), terrestrial laser scanning (TLS), satellite laser
scanning (SLS) and mobile laser scanning (MLS) [1,2]. All types of laser scanning have a
wide range of applications, e.g., terrain surface and vegetation cover measurements and
digital terrain model (DTM) generation [3-7], building detection and their condition diag-
nosis [8-12], displacement detection [13-15], modeling of cultural heritage sites or object
structures [2,13,16], registration roads, railways or power lines [17,18], monitoring coastal
zones [19], mining damages and ground disasters [20,21].

Here, we consider the classical application of TLS, namely acquiring data of terrain
surface. However, grass, roots, fallen leaves, fallen tree branches, shoots (in general veg-
etation cover), or other terrain details situated on this surface might disturb such TLS
measurements. The problem of how to separate such obstacles from the point clouds or
how to deal with observations that might be considered as outliers (distinguishing posi-
tive and negative outliers) was addressed in several publications, e.g., [22-24]. Generally,
TLS data (point cloud) might require a separation of observations related to the terrain
surface from observations related to terrain details. Such a separation might be done by seg-
mentation, e.g., region-based methods, Hough transform and Random Sample Consensus
(RANSAC) [11,17,25-27]. Obviously, there are also other different methods of point cloud
filtering, e.g., surface-based adjustment, morphology-based filtering, Triangulated Irregu-
lar Network (TIN)-based refinement or adaptive TIN (ATIN)-based refinement [1,5,7,28].
Another possible approach to such a separation is the application of Mgpy;; estimation [1].
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Mgpi¢ estimation, which is a development of M-estimation, was introduced in [29].
The primary assumption is that an observation set is an unrecognized mixture of realiza-
tions of different random variables [29,30]. The idea behind the method is to estimate such
variables’ location parameters without dividing the observation set into the respective num-
ber of subsets (observation aggregations). In many practical cases, such an a priori division
would be hard or almost impossible. The basic variant of Mp;; estimation assumes two
such variables; thus, the classical functional model is split into two competitive functional
models. It is also worth noting that the observations” assignment to the particular variable
(and thus to the specific variant of the split functional model) is automatic during the itera-
tive process. In the context of this paper, a point cloud obtained from TLS includes points
related to the terrain surface and terrain details. Mp);; estimation allows us to process data
without dividing a point cloud into two clouds representing selected surfaces. In general,
the method in question will enable us to process a point cloud and approximate two
surfaces by estimating surfaces’” parameters. In some special cases, one can approximate
not the whole surfaces, but rather chosen profiles. Such an approach would be advisable
in deformation analysis when one wants to control how the terrain heights are changing
between measurement epochs. This might concern, e.g., monitoring landslides or mining
damages. In this context, the terrain profile as well as terrain details can be approximated
by, e.g., polynomials of a single indeterminate, of which the coefficients can be estimated
by different methods, including Mgp;; estimation.

Applications of Mgp;; estimation concerned so far not only processing of TLS data
(presented in [1,15,22,31]) but also deformation analyses [29,30,32-36], direct identification
of gross errors [37], linear regression analyses [30,34], robust coordinate transformation [38],
S-transformation [39] and marine navigation [40]. Most of these applications applied
only the squared Mgp); estimation (SMS), of which the objective functions stem from the
assumption that observation errors are normally distributed. However, there is also an
alternative variant of Mgp;; estimation in which objective functions are based on the Ly
norm condition, which refers to the minimization of L; norm of error vector [41,42]. Such a
variant is called the absolute Mp;; estimation (AMS) [34,43], and it has not been used in
laser scanning data analysis so far. Due to that fact, it seems interesting to apply this method
in such a context, especially since some previous papers proved that AMS estimation is
generally less sensitive to outliers than SMS estimation [34,35]. Thus, the paper’s main
objective is to analyze both variants of Mgp);; estimation in the context of the determination
of terrain and terrain details profiles based on TLS data. The paper presents the squared
and absolute Mp;; estimation foundations, their application in profile approximation and
the empirical analyses based on simulated and real TLS data.

2. Related Work

As mentioned earlier, one of the variants of Mgp;; estimation, namely SMS estimation,
was applied in several laser scanning data analyses [1,15,22,31]. We will discuss them in
chronological order.

One paper [22] proposed an application of the SMS estimation to fit planes and to
detect the edge of adjacent planes. The analyses presented were based on the simulated
as well as real ALS data. Good results obtained in both considered cases prove that the
method in question can be successfully used in laser scanning data processing.

Another paper presents an application of the SMS estimation for filtering point clouds
obtained from ALS [1] and used to determine DTMs. In the first approach (the quality
method), the DTM is obtained by applying the terrain surface’s estimated parameters.
The second way (the quantity method) considers the division of the point cloud into two
subsets. The first subset contains observations that are qualified for the creation of DTM,
whereas the second subset includes points representing terrain details. Then, DTM is
created based on the observations from the first subset. The obtained results prove that
SMS estimation can be used for filtering ALS data. The correctness of the results was
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verified successfully by the ATIN method. This statement is essential for the objective of
this study.

One paper [31] showed the SMS estimation application in the case of filtration and ag-
gregation of point clouds that contain a known number of elliptical shapes (e.g., tree trunks,
columns, gutters) with preliminary unknown locations and dimensions, respectively.
The theoretical considerations related to such a problem are satisfactory.

The SMS estimation’s newest application in the context of laser scanning data process-
ing is the detection and dimensioning of the displacement of adjacent planes in a point
cloud acquired from TLS [15]. The paper presents tests which concerned the objects repre-
senting vertical planes (namely the fragment of the precast concrete wall and the fragment
of the concrete slabs of a retaining wall) as well as the objects representing horizontal planes
(namely the segment of the asphalt road and the fragment of the pavement). The results
show that the SMS estimation can distinguish the planes in a point cloud obtained from
TLS. However, in some cases where there is no displacement of the planes relative to other
planes, two overlapping planes were determined.

Generally, current research has proved that the SMS estimation could give promising
results in laser scanning data processing. Thus, one can suppose that Mgp;; estimation
might also give satisfactory outcomes in determining the terrain profiles. This paper will
discuss both known variants of Mgp;; estimation in the context of TLS data analysis.

3. Theoretical Foundations of Mp,);; Estimation

In Mpj;; estimation, the classical linear functional model is split into two competitive
ones [29]:
y = AXa)+vq

1
y= AX(z) + V(Z) ( )

y=AX+v = {
where y—observation vector, A—coefficient matrix, X—parameter vector and v—mea-
surement error vector. The split models concern the same observation y, and they differ
from each other in the competitive versions X(;) and X,y of the parameter vector X and also
the competitive versions v(;) and v ) of the measurement error vector v. Mgpj; estimation
can be applied when the observation vector is an unknown mixture of realizations of
two random variables that differ from each other at least in location parameters. The as-
signment of a particular observation to the respective version of the parameter vector is
unknown. In other words, there is no supposition about dividing the observations into
two aggregations.

The general optimization problem of Mgp;; estimation can be formulated as follows:

Sﬂ(x(l)/X(z)) = iép(?}i(l),vi(z)) = iépu) (Ui(1)>P(2) (%‘(z)) = X(Iln)/i){:z) 2

where (p(X(l),X(z))—ob]’ective function and p(vi(l),vi(z)) = p() (Ui(l))P(z) (vi(z))—ar-
bitrarily chosen function. Let us introduce two variants of Mgp);; estimation: the squared

Mgyt estimation (SMS) and the absolute Mpj;; estimation (AMS). In the case of the SMS
estimation, the objective function can be defined as [29,30]:

n n 5 5
9 (X X)) = 2P(”fu>/vi<z>) = 2”«1%’1«2) ©)
i= i=

Such a formula can be derived from a general assumption that the observation errors
are normally distributed. The optimization problem (Equation (2)) of the SMS estimation
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can be solved by applying the Newton method. The iterative process of the SMS estimation,
namely the traditional one [43], is as follows [29]:

=BG 6

= e 8 X5 5 )

)
where Hessians—H; (X(1>, X(2)>—and gradients—g ) (X(]), X(2)>—are computed in the

i1
1)
-1
)

j
+ dX(l)

]
+ dX(z)

i
Xy =

i
Xio) =

4)

following way [29]:

way (Vi viay ) = diag [wq) (9 2l ) v (Ot o)) o
Hy) (X, Xy ) = 287we) (v, vy )A
8e) (X Xay ) = 28" we) (v vy Vi)

= diaglwe (#1071 )+ w2 (S 7))

where diag(o)—diagonal matrix and w;, (v(l),v(2)>—matrices of the weight functions.

The objective function of the SMS estimation leads to the following forms of weight
functions [29]:

— 2 — 2
w(1) (vi(l)' Ui(z)) =i and  w(y) (Uiﬂ)' Ui(2>> =% ©)
Since the first variant’s weight function depends only on the second one’s errors
(and vice versa), one can call this relationship a mutual cross-weighting.
On the other hand, the AMS estimation is based on application L; norm condition [41,42];
thus, its objective function is defined in the following way [34,43]:

n n
(P(X(l) X(z)) = EP(”i(l) 01(2)) = Z;, Ui(l)Hvi(z)’ @)
i= i=
Such an objective function leads to the following weight functions:
_ria] [
forv;;) <0 — forv;p) <0
T2 i(1) 20, i(2)
= |v( |() andwy) (vi(l)rvi(Z)) = loa |(2) ®)
Vi) for vi(l) >0 m for U,‘(z) >0

They both depend on both variants of the error vectors; hence, there is no mutual
cross-weighting in this case. Thus, the iterative process of the AMS estimation is a little bit
different than the respective iterative process of the SMS estimation. The iterative process
of the AMS estimation can be described as [34,43]:

R | R e =1 =111 =1 3j—1
Xy =Xy X, =X = [Hey (X0 XG))] 80y (X X)) o)
R R U -1 i-1y] " -1 i1
Xy =X +X{y) = X{;) = [Hgy (X X)) | ) (X0 XGa))
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where:

(10)

wo (Y Viay ) = diag [wey (2L o) ) - v (Phiay b))

Such an iterative process might be called parallel [43]. Because the original weight
functions of the AMS estimation are not defined for measurement errors equal to zero,
which may cause singularity, in practice, we can apply the following modified weight
functions:

Vi
% for vi(l)‘ <b % for‘vi@)‘ <b
- _ and w,, (v;1), Vi) ) = , (11)
2| for |v; ‘ @ ") %) Joiq | for |v: ‘
2[oiq)| W= 2[viy)| @)=

where b—assumed small positive constant.
Both types of iterative processes require a proper choice of starting points [43], and they

should both be stopped for such aj = k for which g ;) (inl inl) =080 <Xk’1 Xk*1> =0

N . 1) 77 2) 1) 772)
and also X(;) = xfl) = x’(ff)l, Xp) = xfz) = x’g)l [29,34].

Previous papers [34,35,43] showed that differences in the SMS and AMS estimations’
objective functions also result in slightly different general properties. As was shown, both
methods’ weight functions differ from each other, which leads to the necessity of two
different iterative processes. The more significant differences stem from the influence
functions [32,39] and conclude that the AMS estimation is less sensitive to the outlying
observations of moderate magnitude. This property seems especially interesting in TLS
data processing, where observations (points in point clouds) might represent different
surfaces and just obstacles.

4. Experiments and Results

Let us apply Mgpii estimation in TLS data processing, namely in the approximation of
terrain profiles. Such profiles might describe the terrain surface, but they are also useful in
deformation analysis. One can obtain interesting information about vertical movements by
comparing terrain profiles determined at different epochs. The essential information is that
a point cloud, obtained from TLS measurements, may contain terrain points and points of
terrain details or obstacles. Application of M;p)i estimation allows us to get terrain profiles
without division of the point cloud in subsets containing points of the mentioned types.
In such a context, this approach avoids, for example, errors in the assignment of points to
the respective subsets.

To examine the method proposed, we consider simulated as well as real TLS data.
In both cases, measurements concern terrain surface and terrain details, and generally,
we do not know which points should be assigned to the particular surface.

4.1. Simulated Data

The first test concerns the determination of a terrain profile P based on the simulated
TLS data. We assume that a chosen polynomial defines the profile. Let us consider three
variants of such polynomials: a second-degree polynomial (a parabola), a third-degree
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polynomial (a cubic curve) and a fourth-degree polynomial. The simulated polynomial
coefficients are presented in Table 1.

Table 1. Simulated coefficients of the polynomials.

Coefficients of Terms

Degree of Polynomial

3 2 1 0

d? d i di di di
Two - - 0.00300 0.04000 1.00000
Three - 0.00050 —0.00800 —0.02000 1.00000
Four 0.00015 —0.00594 0.07671 —0.33062 0.50000

We assume that each terrain profile is 20 m in length, and we try to approximate
it based on 100 points simulated from the laser scanning measurements. The distance
d; (i=1,...,100) from the profile beginning to each point is randomly generated from
the uniform distribution within the range (0m, 20m). The theoretical height H; of each
point is computed using the polynomial chosen that is assumed as a “real” terrain surface.
Then, such heights are affected by random errors generated from the normal distribution
N (0 m, 4-107° mz). The analyzes are conducted for several variants that differ in the
share of outliers in the simulated observation set. Such types of observations are obtained
by adding gross errors to the randomly chosen points. Gross errors follow the uniform
distribution within the range of (0.010m, 0.100 m). The outliers simulate the occurrence of
the terrain details. The percentage of outliers in the observation sets in the subsequent cases
is equal to 0%, 10%, 20%, 30%, 40% or 50%. All simulated observation sets are presented in
Figures 1-3.
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Figure 1. Simulated observation set (the second-degree polynomial).
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Figure 3. Simulated observation set (fourth-degree polynomial).
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In the functional model of Equation (1), the parameter vector X (in two competitive
variants X(), X(z)) includes the respective polynomial coefficients, and the coefficient
matrix A includes indeterminates d;, raised to the respective powers. Thus, the terrain
profiles are determined based on the polynomial coefficients estimated by applying Mgpyit
estimation (SMS or AMS estimation) and for the comparison purpose by the least squares
method (LS).

The main objective of that test is to examine how the increasing percentage of outliers
influences the estimation results. The estimated polynomial coefficients are the basis for
the estimated terrain profiles; hence, we can compute the terrain profiles by applying the
LS, SMS and AMS estimates, respectively. The estimated profiles are presented in Figure 4
in comparison to simulated profile P. It is worth noting that in the SMS as well as the AMS
estimation, there is also the second solution (based on the second variant of the estimated
parameter vector). Here, in contrast to the typical applications of Mpy;; estimation, we are
not interested in such a solution. Its task is just “absorbing” the outliers and reducing their
influence on the estimated terrain profile; thus, the second estimated profiles are not shown

in Figure 4.
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Figure 4. Estimated terrain profiles for LS, SMS and AMS estimates for different percentages of outliers.
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Generally, the superior results are obtained for the AMS estimation for all three
polynomials simulated. For such a method, even for 50% outliers in the observation set,
the estimated terrain profile is comparable to the simulated one. Such good outcomes are
not always obtained for SMS estimation. In the case of the second-degree polynomial,
the SMS estimation gives good results for the whole terrain profile for the 0%, 20% and
30% outliers in the observation set; in the case of the third-degree polynomial, it gives
good results for the 0%, 10% and 50% outliers; in the case of a fourth-degree polynomial,
it only gives good results when there is a lack of outliers. It is also worth noting that in
the other variants, the estimated profiles are similar to the simulated ones only for the
particular values of the distance d. However, these estimated terrain profiles cannot be
considered as satisfactory ones. In the LS estimation case, only for 0% and 10% outliers
in the observation set, the obtained profiles are similar to the simulated ones. The shape
of the estimated profiles is acceptable in the other variants, but the profiles seem to be
lifted about the respective simulated terrain profiles. Thus, the results prove that Mgpj;t
estimation, especially the AMS estimation, may give better results than the LS estimation
when the observation set is affected by gross errors.

To assess how the estimated profiles fit the simulated ones, we compute root-mean-
square deviations RMSD (H) by applying the following formula:

RMSD(H) = (12)

where: Hj—estimated height, Hi—simulated height and 7 = 41—number of points for
which heights are determined for d; = j-0.5m (j = 0,...,40). RMSDs which are obtained
for all estimation methods and all observation sets are shown in Figure 5. The results
confirm the conclusions from the analysis of Figure 4.

Second-degree Third-degree Fourth-degree
polynomial polynomial polynomial
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L B DU P U | F |
LS SMS AMS LS SMS AMS LS SMS AMS

Figure 5. RMSD (H ) for LS, SMS and AMS estimates for different percentages of outliers.

The estimated terrain profiles are best fitted when they are computed by applying the
AMS estimates of the polynomial coefficients. The only exception is when the observation
sets are free of outliers. Then, unsurprisingly, slightly better fits are obtained by using the
LS method. Here, all observations are related to one profile, and hence, the observations
do not create two real subsets related to their version of the parameter vector. Thus,
the assignment of each observation to either version of the parameters during the Mp);t
estimation process seems somewhat random, and it depends on the particular observation
error. In such cases, both versions of the SMS and AMS estimates obtain values close to
the theoretical values; however, the accuracy of the estimates is lower than the accuracy
of the LS estimates [44]. For the growing percentage of outliers, the fit of the estimated
profiles based on the LS estimates becomes worse and worse, which is in line with that
method’s general properties. The most surprising results are those of the SMS estimation.
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In some variants, the fit is very good, but in others, the fit is even worse than for the profiles
obtained for the LS method. The worst fit is usually obtained in the variants with a higher
percentage of outliers, which confirms that the SMS estimation is sensitive to outliers.

Finally, to better describe the fit in question, Figure 6 presents the maximum, mean and
median height differences |H i — H;| between the estimated terrain profiles and the simu-
lated profile.
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Figure 6. Maximum, mean and median values of ‘Hj — Hj| for LS, SMS and AMS estimates for different percentages

of outliers.

The values, especially mean|I:Ij - H]" , confirm that the best fits are for the profiles
obtained by applying the AMS estimates of the polynomial coefficients.

Overall, M,;; estimation proves that it may give satisfactory results in the context
of processing TLS data. The estimated terrain profiles by applying the AMS estimation
are similar to the simulated one, even for 50% outliers in the observation sets for all three
polynomials examined.

4.2. Real TLS Data

Further tests concern real TLS data. We considered two testing objects. The terrain
at the first area is covered by small or medium height shrubs, whereas the second area’s
terrain is covered by fallen leaves, fallen tree branches and low height grass. Both areas
were scanned by applying the Leica ScanStation C10 scanner with a resolution of 5 mm
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at 30 m. We considered two terrain profiles (each 15 m long) at the first object and two at
the second one (each 20 m long). Each profile was measured by the electronic level Leica
Sprinter to verify the results obtained from TLS data processing. The profile heights were
measured every half meter. We regarded the heights obtained from such a leveling as
reference heights. The scanning results, namely point clouds, were imported into Leica
Cyclone to create the point set related to each profile. The sets obtained contained about
1300 points for the profiles on the first objects or 950 as for the second object profiles
(such a difference in results from the scanner location). The final step was to process such
observation sets in Mathcad 15.0 by applying the Mpj;; estimation to determine terrain
profile P.

Let us first consider two profiles at the first object. The cutouts of the original point
clouds related to the profiles at lines I and II are presented in Figure 7. There were some
shrubs on these measurement lines.

Linel LineII
0.6 . 0.6 ,
04 P B 0.4 E, ;
i o 9 . 3
g 3 ¢
— 02 b <, — 02 d
E , E ¢ :
T g T el
e '\"l L"
02 02
04 04
0 5 10 15 0 5 10 15
d [m] d [m]

Figure 7. TLS data related to lines I and II.

The profiles are supposed to be approximated by polynomials; hence, we assume two
different polynomials, namely a third-degree polynomial and a fourth-degree polynomial.
Because of the complexity of the real terrain profiles, we propose to process measurements
in arbitrarily chosen intervals of the distances d. The first distance intervals are of the
length 1.5 m; thus, we consider the intervals [0m; 1.5m], [1 m; 2.5m], etc. In the second
variant, the length is 5.5 m. We estimated the polynomial coefficients within each interval,
which were the basis for computing the profile heights. Such heights were calculated at the
points for which heights were earlier determined by geometric leveling. Hence, we consider
four different variants: A—third-degree polynomial, interval length 1.5 m; B—fourth-
degree polynomial, interval length 1.5 m; C—third-degree polynomial, interval length
5.5 m; D—fourth-degree polynomial, interval length 5.5 m. The terrain profiles are obtained
in these four variants (by applying the SMS, AMS or LS estimation, respectively). Moreover,
we determine the terrain profiles based on raw TLS data obtained by using the linear
interpolation at every half meter (at the same distances d; as for the leveling measurements).
The terrain profiles at line I are presented in Figure 8 (the second version of the profiles for
the SMS and AMS estimations are not shown here).

Generally, the best results are obtained by applying the AMS estimation. These terrain
profiles seem to the most similar to the profile obtained from the leveling. SMS estimation
gives worse outcomes, but they are still better than the results of the LS estimation (or the
profiles based on raw TLS data). The superior results are these of Variant B or A. However,
for d equal 9.5 m, even the AMS estimation fails. The reason is that almost all measurements
from TLS, which are close to that point, concern terrain details (a shrub), not terrain surface.
It is worth noting that there are also other intervals where TLS data comes mostly from the
terrain details (see the green line and d equal 3, 4.5 or 13 m). In these cases, there were also
a few points from the terrain, making it possible to estimate the profile acceptably, but only
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0.6

0.4

H[m

by applying the SMS or especially AMS estimation (the LS estimation provides much
worse results). Thus, if the number of points related to terrain is much too small, then the
methods examined, even the variants of Myp;; estimation, might not give us satisfactory
results (regardless of the variant considered here).

Variant A 0 Variant B

04 e eveling

5 10 15 0 5 10 15 Ls

d [m] d [m] —

Variant C Variant D AMS

e Raw TLS data

5 10 15 0 5 10 15

d[m] d [m]
Figure 8. Estimated terrain profiles of line I.

The terrain profiles of line I are shown in Figure 9. Again, the best-fitted profiles are
obtained by applying the AMS estimation. Let us focus on Variants A and B. When d is
equal to 2.5 m, all estimated profiles represent terrain details rather than the terrain itself.
It also means that the number of points related to the terrain were too small. As for the
SMS estimation and especially for AMS estimation, such a problem disappears in Variants
C and D. Thus, the widening of the interval considered allows us to obtain satisfactory
results, especially for the AMS estimation. One can say that in such a wider interval, a few
points related to the terrain “appear,” which allows the AMS estimation to “catch” terrain
and determine the terrain profile in a better way.

The simple graphical analyses of the estimated profiles of lines I and II show that
the profiles obtained by applying the AMS estimation are the most fitted in the profile
determined by the leveling measurements. However, it is not generally apparent in which
variant the AMS estimation gives the best results; in fact, it depends on the shape of the
terrain and terrain details and the number of TLS points related to them.

The analyses of the terrain profiles determined at lines I and II are supplemented
with the estimated accuracy of the fit, namely, RMSD(H), which is computed by ap-
plying Equation (12) (Hj—estimated height, H;i—height from leveling measurements,
j =20,...,30;n = 31). The respective accuracies, calculated for all variants consid-
ered, are presented in Figure 10. In the LS estimation case, the differences between the
RMSD(H) values that are obtained for each variant are small and insignificant. As for
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both variants of Mgp;; estimation, such differences are more evident. For line I, the superior
accuracy, approximately 0.04 m, is obtained for the AMS estimation in Variants A, B and C;
superior accuracy for the SMS estimation is obtained in Variants A and B. Similar values of
RMSD (H ) are also obtained for line II, namely, for the SMS estimation in Variants B and C
and for the AMS estimation in Variants A and B. The fit’s highest accuracy is obtained for
the AMS estimation in Variants C and D (approximately 0.02 m, line II). One should realize
that RMSD is a measure of accuracy that is not robust against outliers. Here, its values
are sensitive to the high discrepancies between the estimated and reference profile, even if
such discrepancies concern only a single point (or a few points). For that reason, to better
describe the fit of the estimated profiles to the reference one, Table 2 shows the maximum,
mean and median of the absolute differences |H i — H;l.
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Figure 9. Estimated terrain profiles of line II.
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Figure 10. Lines I and II; accuracy of the estimated profiles compared to accuracy of the profile obtained from raw TLS data.
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Table 2. Maximum, mean and median of |H = H j‘ for lines I and II.

max | H;—H; | [m]

mean | H;—H; | [m]

median | H;—H; | [m]

Line Variant
smMs Ams RWTLS o ovg ams RWTLS o gyug ams RawTLS
Data Data Data
A 02634 01698 0.1875 0.0609 0.0303 0.0251 0.0367 00173 0.0157
B 02548 0.1580 0.1569 0.0644 0.0301 0.0229 0.0417 00181 0.0172
I C 02083 03465 01620 377 00796 00795 0.0274 90241 00707 0.0439 0.0224 00180
D 02293 04133 0.3592 0.0730 0.0558 0.0517 0.0551 0.0309 0.0244
A 03124 05328 0.1580 0.0459 0.0382 0.0218 0.0184 0.0211 0.0089
B 03161 01722 0.2088 0.0460 0.0254 0.0189 0.0180 0.0153 0.0089
I C 02625 00792 00411 02670 00547 00270 00140 0028 00164 00238 00124 00145
D 02378 0.199 0.0346 0.0532 0.0400 0.0156 0.0174 0.0206 0.0159

Let us now consider terrain profiles at the second object. Let us recall that the object
area was covered by fallen leaves and small fallen tree branches. We consider two profiles
measured 20 m in length. The cutouts of the original point clouds related to the profiles at
lines III and IV are shown in Figure 11.

Line III Line IV
0.8
0.6
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d[m] d [m]

Figure 11. TLS data related to lines Il and IV.

The profiles are later estimated in the same way as in the previous test. We also
consider the same variants of estimation of the polynomial coefficients, namely A, B, C
and D. As on the last test, the profile which was determined by geometric leveling was
regarded as a reference.

Figure 12 presents the estimated terrain profiles at the first line, which was considered
in that test, i.e., line IIL

The terrain profiles obtained from raw TLS data and by applying the LS, SMS and
AMS methods are quite similar. They seem to be shifted up a few centimeters above the
reference terrain profile. The reason is that the fallen leaves cover the terrain surface almost
uniformly. One can also observe the same effect for the estimated profiles at line IV (see,
Figure 13). To assess such a shift, we compute the mean of the differences (H i — Hj),
which are presented in Table 3 (in this test j = 0, ..., 40).

For both lines, the shift values are close to each other; thus, one can conclude that,
in fact, it is the thickness of the fallen leave layer. It is also worth noting that TLS data
contained some points related to the terrain details (some small “hills,” see the green lines
in Figures 12 and 13). Usually, such data irregularities are smoothed in the estimated
profiles, especially those obtained by applying the AMS estimation in Variants C and D.
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Figure 12. Estimated terrain profiles of line III.
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Figure 13. Estimated terrain profiles of line IV.
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Table 3. Mean of ( Fl; — H;) for lines Il and IV.

mean(H;—H;) [m]

Variant Line III Line IV
LS SMS AMS Raw TLS Data LS SMS AMS Raw TLS Data
A 0.0424 0.0374 0.0358 0.0411 0.0375 0.0361
B 0.0426 0.0376 0.0361 0.0412 0.0359 0.0354
C 00416 00389 00331 00409 00407 00387  0.033 0.0403
D 0.0427 0.0431 0.0385 0.0419 0.0354 0.0363
To compare the estimated profiles with each other, Figure 14 presents RMSDs of the
profile fits (they are computed by applying Equation (12) and taking n = 41).
Line III Line IV
0.05 0.05 M Variant A
— 0.04 M _ 004 M Variant B
) )
—0.03 — 0.03 Variant C
=, o
% 0.02 % 0.02 Variant D
0.01 001 = RMSD(H)
of profile
: : s e
LS SMS AMS LS SMS AMS o

Figure 14. Lines III and IV; accuracy of the estimated profiles compared to accuracy of the profile obtained from raw

TLS data.

The differences in RMSDs between the estimation methods are much smaller than
in the previous tests. This is because there were only a few small terrain details; hence,
there was a small number of outlying observations. It is worth noting that the values
of RMSDs are like those obtained in the previous test (in which the number and the
height of the terrain details were more significant) for the profiles estimated by applying
M;pit estimation. Undoubtedly, all RMSDs are strongly influenced by the systematic error
(the shift of the estimated profiles).

Let us now consider the application of the proposed approach to deformation analysis.
Generally, such an application would concern TLS measurements and the estimation of
terrain profiles at different epochs. These profiles can then be compared with each other to
determine the vertical displacements of the terrain surface. Such an application of Mgpjjt
estimation would be novel. Currently, such a method was used in the deformation analysis
in a different context, namely when the observation set was a disordered mixture of the
same object’s observations from two different measurement epochs [29,32,35,45].

Here, we do not have measurements at two different epochs; however, we do have two
different terrain profiles of the same length. We can apply the approach at hand to estimate
the vertical differences between the profiles in question. This experiment allows us to
assess whether the method proposed in the paper can be used in such a case. Note that the
estimation of the vertical displacements (differences between the same profile at different
measurement epochs) would be performed very similarly.

Let us analyze the estimated height differences AH; = I:I}V - I:I/I.H (HJIII and I:I]IV—
heights at the estimated profile of line IIl or IV, respectively, at the distance d; = j- 0.5m,
j=0,...,40). Figure 15 presents RMSDs computed like in the previous test but related to
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the estimated height differences. Here, as a reference, we assume the height differences
obtained from the geometric leveling.

0.03 W Variant A
E. W Variant B
é\ g1z Variant C
2
Q Variant D
< 001 .
= ~ RMSD(AH)
of profile
0 from raw
TLS data
LS SMS  AMS

Figure 15. Lines III and IV; accuracy of the differences between the estimated profiles compared to
accuracy of the differences obtained from raw TLS data.

The values of RMSD are usually close to one another. The smallest RMSD is obtained
when the differences between profiles are based on the AMS estimates (Variant A). In con-
trast, the highest RMSDs are obtained by applying the SMS estimates (Variants C and
D). Except for these two cases, RMSDs are lower than RMSDs obtained for the profiles
determined from the raw TLS data. Moreover, they are twice as small as the respective
RMSDs of the terrain profiles of lines Il and IV. This means that during the estimation of
height differences, the influence of the systematic error (shift) was significantly reduced.

Table 4 shows the maximum, mean and median values of the absolute differences
|AH i — AHj| to describe the height differences obtained in the different variants.

Table 4. Maximum, mean and median of }AI:I i — AH]-‘ between the terrain points of lines IIl and IV.

maxIAI:ijAHjI [m] meanIAICijAHjI [m] medianIAI:ijAHjI [m]
Variant
sMs Ams RawTLS LS sms Ams RawTLS LS sms Ams RawTLS
Data Data Data
A 00523 0.0483 0.0361 0.0159 0.0157 0.0127 0.0115 0.0119 0.0087
B 0.0460 0.0438 0.0520 0.0171 0.0155 0.0154 0.0125 0.0137 0.0118
C 00620 00900 00468 90395 00171 00211 00131 O97% o144 00175 00111 00138
D 0.0396 0.0803 0.0695 0.0136 0.0217 0.0143 00113 00148 0.0122

The mean and median values confirm the conclusions drawn from the RMSD values.
The smallest discrepancies are obtained when the profiles are estimated by applying the
AMS estimation. On average, the discrepancies between the estimated and the reference
profile are close to 10-15 mm. For the other methods, the discrepancies are usually bigger,
about 2-3 mm.

5. Discussion

This paper presents an application of two variants of Mgp;; estimation, i.e., the SMS
and AMS estimation, in the context of the determination of profiles of the terrain surface
based on TLS data. Let us recall that up to now, the SMS estimation was applied in several
problems of the laser scanning data analysis [1,15,22,31]. It was proved that the method in
question could provide satisfactory results in the context mentioned.

The empirical tests were based on two types of data: simulated or real TLS data,
respectively. The processing of the simulated TLS data by applying Mp;; estimation,
especially the AMS estimation, gives very promising results for all three polynomials
examined. The fit of the estimated profile for the simulated data is very good. The AMS
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estimation does not fail even for 50% outliers in the observation set. It confirms the results
presented in the previous papers, which indicate that such a method is generally less
sensitive to outliers of the moderate magnitude than the SMS estimation [34,35].

In real TLS data, we chose the areas with many terrain details (i.e., shrubs and fallen
tree branches) or where fallen leaves covered the terrain surface. Thus, we considered the
objects for which it was not so easy to determine terrain profiles because many points in a
point cloud did not refer to the real terrain surface. For the first object, where there were
many shrubs and fallen tree branches, Mp;; estimation was able to provide the terrain
profiles which were better fitted in the real profile (determined by geometric leveling)
than the profiles provided by the LS estimation. The profiles in question are also better
fitted than the profiles determined directly from the raw TLS data. The best-fitted profiles
were obtained by applying the AMS estimation; the accuracy of the fit is from 0.02 m to
0.04 m, which depends on the estimation variant. One can say that such accuracy is twice
as small as the accuracy of the fit of the profiles obtained by applying the LS estimation
or determined directly from the raw TLS data. Unfortunately, if the obstacles “obscure”
the terrain surface to a large extent and hence the number of TLS points related to the
terrain was very small, then even the variants of the Mgp);; estimation examined might not
give us satisfactory results.

For the second object, there were only fallen leaves and fallen small tree branches
(no high obstacles). The fallen leaves covered the terrain surface almost uniformly. Hence,
the point cloud included only a few points related to the terrain surface. In many intervals
considered, there were no such points at all. It was impossible to determine the real terrain
profile from the TLS data in such a case. The shapes of estimated profiles were close to
the real terrain profile; however, all determined profiles seemed to be shifted up for about
0.03-0.04 m. The accuracy of the fit for all estimated profiles was usually close to 0.04 m,
which appeared to be strongly influenced by the systematic error (the shift). The accuracy
was the highest when the profile was estimated by applying the AMS estimation. However,
the differences between all estimation methods were much smaller than for the first object.
Generally, the accuracy of fit of the estimated profile was a little bit better than the accuracy
obtained for the profile determined from the raw TLS data.

As we considered applying the proposed approach in deformation analysis, we es-
timated differences between two terrain profiles at the second object. When estimating
such differences, the systematic error was reduced in a significant way. The accuracy of the
fit increased to 0.02 m, which is twice smaller than in the case of a single profile. We can
expect much higher accuracy when the terrain would not be covered by a “contamination
layer.” In such a context, the approach presented can be applied in, e.g., assessing the
mining damages and ground disasters [20,21].

Another interesting issue is the analysis of the Mpiit estimation itself. A study with a
focus on profile estimation has never been done before. The results confirm the general
properties of the SMS and AMS estimations. Firstly, the results are better when the
difference between profiles of terrain or terrain details are more significant [34,44,45].
Secondly, the AMS estimation proved its robustness against outliers of the moderate
magnitude, in contrast to the SMS estimation and, of course, the LS estimation. It is worth
noting that the presented application of both Mp;; estimations is not a usual one. Here,
we were especially interested in one estimated profile (the terrain profile). The second
profile (the profile of the terrain details) is out of our interest. Its main objective is to attract
the outlying observations (observations related to terrain details or observations disturbed
with gross errors) and reduce the influence of such observations on the terrain profile
estimation. Such an approach is similar to the variant of the SMS estimation proposed
in [46].

Here, we consider four variants that were applied in the profile estimation. They differ
from each other in the length of the distance interval considered and the polynomial degree
used. Although there are some differences between the respective variants’ results, it is
hard to indicate the most suitable variant for profile estimation. Generally, one can suggest
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that polynomials of the third degree and shorter rather than longer intervals should be
applied when there are many terrain details of medium height (e.g., shrubs).
Furthermore, an interesting issue to consider in the future is the application of Mgpjit(q)
estimation [30] for more than two competitive models for processing TLS or ALS point
cloud. Another option would be the application of Mpj;; estimation to determine horizontal
displacements from TLS data, based on an analysis of changing terrain details location.

6. Conclusions

The paper presents an application of Mpj;; estimation in the determination of terrain
profiles from TLS point clouds. The profiles in question are determined by applying the
polynomials, of which the coefficients are estimated by the respective estimation method.
The analysis presented in the paper proves that such an approach is efficient and can
provide good terrain profiles even if there are outliers in an observation set. In other words,
if there are many shrubs or other significant terrain details, namely if the difference between
terrain heights and terrain details heights is vivid, Mgpy;; estimation might be applied
successfully to the determination of the terrain profile. The obtained results suggest that in
the application at hand, AMS estimation is a better option than SMS estimation. Regardless
of the methods analyzed in this paper, too few terrain data due to terrain obstacles may
lead to unacceptable results; however, other methods cannot provide satisfactory results in
such a case.

The application of Mgp;; estimation, especially the AMS estimation, yields profiles
that are better fitted in the real terrain profile compared to profiles obtained by applying
the LS estimation or computed from the raw TLS data.
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Abstract: The displacement of Global Navigation Satellite System (GNSS) station contains the
information of surface elastic deformation caused by the variation of land water reserves. This paper
selects the long-term coordinate series data of 671 International GNSS Service (IGS) reference stations
distributed globally under the framework of World Geodetic System 1984 (WGS84) from 2000 to 2021.
Different noise model combinations are used for noise analysis, and the optimal noise model for each
station before and after hydrologic loading correction is calculated. The results show that the noise
models of global IGS reference stations are diverse, and each component has different optimal noise
model characteristics, mainly white noise + flicker noise (WN+FN), generalized Gauss-Markov noise
(GGM) and white noise + power law noise (WN+PL). Through specific analysis between the optimal
noise model and the time series velocity of the station, it is found that the maximum influence value
of the vertical velocity can reach 1.8 mm when hydrological loading is considered. Different complex
noise models also have a certain influence on the linear velocity and velocity uncertainty of the
station. Among them, the influence of white noise + random walking noise is relatively obvious, and
its maximum influence value in the elevation direction can reach over 2 mm/year. When studying the
impact of hydrological loading correction on the periodicity of the coordinate series, it is concluded
whether the hydrological loading is calculated or not, and the GNSS long-term coordinate series has
obvious annual and semi-annual amplitude changes, which are most obvious in the vertical direction,
up to 16.48 mm.

Keywords: hydrological loading; long-term coordinate series; noise model; velocity; amplitude

1. Introduction

The global IGS base station location time series accumulated in the past 20 years
have provided valuable basic data for geodesy and geodynamic research. Many scholars
have also launched a lot of research on it, including periodic signal analysis, stochastic
model research, spatial filtering method and surface loading model research, etc., in GNSS
coordinate time series [1-16]. Analyzing it can get the precise movement trend of the
station, so as to further study the internal driving mechanism of the station movement. It
has far-reaching theoretical significance and broad application prospects to explain plate
tectonic movement, establish and maintain a dynamic earth reference frame, study post-ice
rebound and sea level changes, and invert the changes in ice and snow quality.

The noise of IGS station mainly comes from some random factors. As the stations are
located all over the world, the geographical environment is very different and the sources
of noise influence are also different. For example, different types of observation piers,
missing time series data, time series of different spans, different geographical environments,
etc. may generate some noise [17]. Currently, a large number of researchers generally
believe that the characteristics of GNSS coordinate series noise model are WN+FN [18-20].
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However, it turns out that this statement is not entirely true. The noise model characteristics
of the reference station are actually more complicated. Langbein [3] estimated the noise
model of 236 continuous GPS operation stations in California and southern Nevada in
2008; the results showed that the best noise model of FN or random walk noise (RW)
station accounted for 50% to 60%, 25%~30% of the station performance are FN+RW or non-
integer spectral exponential powerlaw noise (PL). The remaining stations are expressed
as band pass+powerlaw noise (BPPL) and first-order Gauss—-Markov+random walk noise
(FOGMRW). In 2019, Wang et al. [21] analyzed the coordinate time series of 260 continuous
GPS stations in the Crustal Movement Observation Network of China (CMONOC). In
the noise evaluation, the influence of periodic signals is considered, and the maximum
likelihood estimation method is used to discuss the noise characteristics of the residual time
series that remove seasonal signals and the coordinate time series that further remove other
periodic signals. It is concluded that FN is the main noise related to time. If it is assumed
to be pure white noise, its speed uncertainty will be underestimated by 8-10 times. In 2008,
Yuan et al. [22] analyzed the noise characteristics of 12 GPS reference stations in Hong
Kong. It was concluded that the noise model after the common mode error (CME) could be
removed by the principal component, and spatial filtering can be described by the variable
white noise (VW) plus flicker noise. In 2010, Jiang et al. analyzed the coordinate series data
of the China Continuously Operating Reference Stations (CORS) network in the past 10
years. The results point out that under the framework of the China Geodetic Coordinate
System 2000 (CGCS2000), the noise model of coordinate time series appears as WN, FN
and RW after principal component filtering. Additionally, if only white noise is considered,
the velocity error will be 2~6 times smaller than when colored noise is considered [23].

The reason why WN+EN is considered to be the noise model representing the optimal
random characteristics of the station may be analyzed in two ways: (1) When analyzing the
time series, a more complex noise model that sufficiently represents the noise characteristics
of the reference station is not used; (2) The time scale of the accumulated coordinate series
is not long enough to explain the long-period component of the noise model. With the
passage of time, the GNSS reference station coordinate time series continue to grow, and
the long-period components of noise (such as RW noise with spectral index=2) will become
more prominent, which provides favorable conditions for detecting the existence of low-
frequency noise. Therefore, it is meaningful to conduct a more comprehensive noise
analysis on GNSS time series and obtain a noise model that can more accurately represent
the random characteristics of the reference station.

The GNSS coordinate series contains various ground loading changes related to the
elastic deformation of Earth, and is closely related to changes in the atmosphere, seabed
pressure, snow, ice, surface water and groundwater [24,25]. Some scholars have deeply
analyzed the spatial and temporal distribution characteristics of the vertical displacements
of IGS stations caused by the above environmental loadings. Their influence on the nonlin-
ear variation and common mode error (CME) of GPS coordinate time series are estimated.
The results show that the average root mean square (RMS) of vertical displacement caused
by environmental loadings is 4.0 mm. The impact on one station can reach centimeter
level [26]. Collilieux et al. [27] conducted the study based on 748 stations around the world,
with many stations concentrated in North America and Europe. They found that when
the time series were corrected for loading, the in-phase and out-of-phase coefficients of the
annual signal in GPS height coordinates were reduced by 84% and 83 %, respectively. These
factors may have a profound influence on the characteristics of the generated noise [28,29].
Among them, the land hydrological loading change is an important factor that causes the
periodic vertical deformation of GNSS stations [30-32]. The increase of the hydrological
loading on the land will cause the ground to sink, causing the vertical position of the GNSS
station to move downward. Decreasing the hydrological loading on the land will cause the
surface to rebound, causing the vertical position of the GNSS station to move upward.

The main innovation of this article is to use longer GNSS coordinate time series, adopt
more types of noise model combinations and more IGS reference stations, and analyze
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the optimal noise model characteristics of global regional coordinate time series. At the
same time, the displacement of the station caused by the hydrological loading is calculated,
and the change analysis of the optimal noise model before and after the hydrological
loading correction is given. On this basis, the relationship between the optimal noise
model and the velocity, velocity uncertainty and amplitude of the stations are established.
The organization structure of this article is as follows. The second part contains GNSS,
hydrological data and theoretical methods to be analyzed in this article. The third part
analyzes the optimal noise model of the selected station, including the comparison of the
optimal noise model before and after hydrological loading correction. In the fourth part,
the velocity and velocity uncertainty of the stations and the amplitude of the long-term
coordinate series are discussed with different noise models before and after the hydrological
loading correction. Finally, the fifth part summarizes the main results.

2. Data and Methods
2.1. GNSS Data

The GNSS time series data used in this article are released by the Scripps Orbit and
Permanent Array Center (SOPAC), a data analysis center organized by the IGS [33]. This
organization not only publishes some raw GNSS time series results, but also publishes its
processed (Clean) time series products. In this article, we mainly use the linearized mean
GNSS time series (CleanDetrend) after removing the step (coseismic and non-coseismic)
and singular values. Seasonal period term is retained. In order to analyze the impact of
various noises on it and explain the results of the global optimal noise model after adding
hydrological loading.

Before data analysis, this paper needs to filter the long-term coordinate series data of
671 IGS reference stations distributed globally under the framework of WGS84 from 2000
to 2021. The screening criteria are as follows: first, within the 21 years, the length of the
GNSS coordinate series shall not be less than 3 years to ensure the integrity of the long
time series and the reliability of the data processing results. Then, delete sites with obvious
abnormal nonlinear motion, including obvious post-earthquake deformation caused by a
major earthquake, local surface deformation or abnormal motion caused by other unknown
causes. Through the elimination of the above steps, 671 sites around the world are finally
selected for data processing. The time length distribution of the selected GNSS stations in
the past 21 years are shown in Figure 1. The longest time series can reach 20.54 years, the
shortest time length is 3.47 years, the average time length can reach 13.25 years, and the
average data integrity rate can be up to 63.1%. In this article, the average data integrity
rate equals average time series length of selected sites divided by the total length of GNSS
coordinate time series (21 years).

2.2. Hydrological Loading Data

Environmental loadings including hydrological loading, atmospheric loading, non-
tidal ocean loading and other environmental factors are closely related to the elastic
deformation of the earth, and these factors will also have a significant impact on the noise
characteristics generated in the GNSS time series [25,28]. The impact of this loadings
are not considered in the GNSS coordinate time series data processing under the WGS84
framework provided by SOPAC. Among them, the change of hydrological loading is an
important factor that causes periodic vertical deformation of GNSS stations, as well as an
important cause of surface subsidence and rebound. Therefore, it is particularly important
to study the influence of hydrological loading on the GNSS coordinates time series [30,31].
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Figure 1. Distribution of 671 giobal GNSS reference stations and their coordinate time series length in 21 years (2000-2021).

At present, many organizations provide hydrological loading products, for example,
German Research Centre for Geosciences (GFZ) (http:/ /rz-vm115.gfz-potsdam.de:8080
/repository), International Mass Loading Service (IMLS) (http:/ /massloading.net) products
released by National Aeronautics and Space Administration (NASA) and School and
Observatory of Earth Sciences (EOST) (http:/ /loading.u-strasbg.fr/) loading products
from university of Strasbourg. This article first selects the hydrological loading (HYDL)
data products provided by GFZ [25,34] and estimate the displacement of global GNSS
stations caused by hydrological loading, and subtract the influence of hydrological loading
from the GNSS coordinate series. Then, analyze the optimal noise model of the global
GNSS coordinate series taking into account the hydrological loading. Finally, based on the
optimal noise model combination, we will further discuss its influence on the long-term
coordinate series velocity, velocity uncertainty and amplitude of the IGS stations.

The hydrological loading data selected in this paper are based on the center of figure
(CF) frame, with a time resolution of 24 h and a spatial resolution of 0.5° x 0.5°. The
hydrological loading data model calculated by GFZ is the Land Surface Discharge Model
(LSDM) [35]. The physics and parameterization of the LSDM is based on the research
of Hagemann and Diiumenil (1998). LSDM includes soil moisture, snow cover, shallow
groundwater, and surface water stored in rivers and lakes [36].

2.3. Theoretical Method

The GNSS coordinate sequence is represented by two parts: a deterministic model
and a stochastic model [37]. The deterministic model is composed of trend, periodic terms
(including anniversaries, semi-anniversaries, etc.), offset terms, etc. The stochastic model is
the noise that this article will analyze. The GNSS coordinate time series is represented by
the following functional model.

q g
y(t:) =yo+oti + Y agsin(27fit;) + becos (27 fit;) + Eng(ti — Tg/) +r(t) (1)
k=1 j=1

In the above formula, yg is the intercept; v is the linear trend in unit per year, where
a year is defined as 365.25 days; t; is the epoch of the GNSS time series; a;, and by, are the
amplitude of periodic signals and fj is the corresponding frequency; g i and Tg]. is the offset
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and corresponding epoch, respectively; r refers to the residual time series, which can be
various combinations of noise models. H is the Heaviside step function:

H(t) =0,t <0
H(t) =05,t=0 2
H(t)=1,t>0

In this article, we use the Hector software to analyze the optimal noise model of the
long-term coordinate series of the IGS reference station [38]. Hector software can estimate
linear trend terms, high-order polynomials, seasonal terms, periodic terms and a variety
of noise model combinations in coordinate time series. It uses the Akaike Information
Criterion (AIC) and the Bayesian Information Criterion (BIC) information standards to
select the optimal noise model [39,40]. Both use the maximum likelihood estimate as a
starting point, but in order to avoid overfitting, measures are taken to add parameters. The
AIC and BIC information standards are expressed by the following formula.

In(L) = —% [Nln(Zn) + Indet(C) + rchlr} 3

In the above formula, N represents the actual number of observations, and C refers to
the covariance matrix, which can be decomposed into the following formula.

C=0*C @

C represents the sum of multiple noise models, and ¢ represents the standard deviation,
which can be estimated by the residual term in the following formula.

——1
- ,/”CTY )

Due to detcA = cNdet A, Where A refers to any matrix, det A refers to the determinant
of matrix A. Therefore, you can get

In(L) = —% [NIn(27t) + Indet(C) + 2NIn(e) + N] ©)

The parameter k refers to the sum of a design matrix and the noise model parameters
and the variance of the driving white noise. For example, if the white noise + power
law noise model is used to estimate the linear trend term, 5 parameters are estimated,
including the normal offset, the linear trend term, the power spectrum index, the variance
of driving white noise and the difference between power law noise and white noise
(k=2+241=5).

Then,

AIC = 2k +2In(L) (7)

BIC = kin(N) + 2In(L) (8)

AIC and BIC are commonly used optimal noise model evaluation indicators in the
maximum likelihood estimation analysis of Hector software [41]. From the two calculation
formulae, it can be found that the better noise model should have a smaller AIC or BIC
value. Since BIC considers the number of parameters to be estimated in the model, it is
more suitable for comparing noise models with different numbers of parameters to be
estimated. In this article, the optimal noise model is obtained by using BIC evaluation
criteria. There are many noise models to choose from in the Hector software, including PL,
WN, EN, RW, GG, first-order autogressive noise (AR1) and a combination model of these
noises.
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3. Results
3.1. Before Hydrological Loading Correction

As far as the global GNSS single-day solution time series are concerned, if no measures
are taken to reduce the spatial correlation of the station, it can be concluded that WN + FN
is the most suitable stochastic noise model reflecting global GNSS coordinates [2]. Due
to the different environments of each measuring station, the sources of noise may also be
different, and their noise characteristics may not be exactly the same. This paper selects six
noise models, namely WN, GGM, WN+FN, WN+PL, WN+RW and WN+GGM. According
to the evaluation criteria of the optimal noise model in Section 2.3 above, use Hector
software to obtain the minimal BIC value corresponding to the N, E, and U directions of
671 sites around the world, then the noise model corresponding to this minimal BIC value
is the optimal noise model of the selected site. Finally, statistics are made on the optimal
noise models corresponding to 671 sites around the world, and the proportion of the global
optimal noise models before the hydrological loading correction is obtained, as shown in
Figure 2 below.

(a)

1.6%

51.3%

9.8% 0.9%

WN+GGM
o 6.3%1.9% WN+PL

(b) 3.1% VN FN

WN+RW
GGM

36.4% 35.3%

53.4%

0
(c)
- ‘

% a4 oG 0.9% | M
e I WN+FN (G

[ WN+RW
I GGM
17%
34.7%

0.3%

46 4%

Figure 2. The optimal noise model distribution in the North (N), East (E), Up (U) directions and total components of global
International Global Navigation Satellite System (GNSS) Service (IGS) stations before hydrological loading correction. (a),
(b) and (c) respectively show the optimal noise model percentage in the N, E and U directions. The optimal noise model
percentage of total components shown in (d).

It can be seen from Figure 2 that the noise characteristics of global IGS reference station
components are diversified, mainly represented by WN+FN and GGM models. Especially
in the N and E directions, the WN+FN model accounts for 51.3% and 53.4% of the world’s
optimal noise models, respectively. In the U direction, the GGM model has the largest
proportion of the optimal noise model, which is as high as 51.6%. Next is the WN+PL
noise model, and other combined noise models also occupy a certain proportion. The N,
E, and U components of most stations exhibit different noise characteristics. As shown
in Figure 2d above, the total components refer to the sum of the three directions of N, E,
and U. Figure 2d shows the accumulation of the stations in these three directions to obtain
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the total optimal noise model percentage. For example, WN+FN, which accounts for the
largest proportion of the optimal noise model, can reach 46.4%. It defines to the sum of the
number of stations where the optimal noise model in the three directions of N, E, and U
is WN+FN divided by the total number of stations in three directions (671*3). Therefore,
when looking for a physical explanation for the change characteristics of time series, each
component needs to be treated differently.

3.2. Hydrological Loading Displacement

This paper uses the hydrological loading products of GFZ to obtain the hydrological
loading displacement values of the long-term coordinate time series of 671 IGS stations
worldwide from 2000 to 2021. First, we selected three IGS stations at different latitudes,
namely ACP1 (longitude 280.0501, latitude 9.3714), ALGO (longitude 281.9286, latitude
45.9558), ALRT (longitude 297.6595, latitude 82.4943). Then, we drew the displacement
series diagram of their hydrological loading from 2000 to 2021. As shown in Figure 3, in the
horizontal direction, the hydrological loading displacement values of these three stations
are all small, and the maximum value is less than 2 mm. Especially for the station of ALRT,
the maximum horizontal hydrological loading displacement is only 0.93 mm. However, it
can be seen in Figure 3 that the hydrological loading influence value of these three stations
is larger in the vertical direction. For the low-latitude station ACP1, the maximum vertical
hydrological loading can reach 6.46 mm, and there is a periodic fluctuation in the long-term
series. For the mid-latitude site ALGO, the maximum vertical hydrological loading can
reach 9.48 mm, and the long-term series shows that its hydrological loading influence value
has a downward trend. For the high-latitude site ALRT, the maximum vertical hydrological
loading can reach 6.29 mm, but it has an upward trend in the long-term series. Regardless
of whether the vertical hydrological loading series of these three stations rises, falls, or
changes periodically, it may be related to the surrounding environment, including rainfall,
soil moisture, etc.
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Figure 3. Distribution diagram of hydrological loading displacement series at the three IGS stations
ACP1, ALGO, and ALRT from 2000 to 2021.

Since the time span is as long as 21 years, this article counts the RMS value in the
N, E, and U directions of the selected 671 IGS reference stations from 2000 to 2021 due to
hydrological loading. Then, the maximum RMS value of the three directions of N, E, and
U is represented by a histogram. As shown in Figure 4, the magnitude of the hydrological
loading in the N and E directions are relatively small. Among them, the RMS value of more
than 90% of the stations are less than 1 mm, the maximum RMS value in the E direction
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can reach 2.07 mm, and the maximum RMS value in the N direction can reach 2.15 mm. In
the vertical direction, the magnitude of the influence of hydrological loading is relatively
large, and the RMS value can reach 13.48 mm. Especially in the Amazon River Basin in
South America, the Mississippi River Basin in North America, the Congo River Basin in
Africa, the Yangtze River Basin in China and the Indochina Peninsula, the magnitude of
the hydrological load is relatively large. Therefore, when considering the influence factors
of the displacement of the reference frame, the hydrological loading must be considered.
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(a) Hydrological loading displacement distribution in N direction.  (b) Hydrological loading displacement distribution in E direction.
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Figure 4. A statistical diagram of the RMS value of hydrological loading displacement in the N, E, and U directions and
their maximum RMS values. (a), (b) and (c) respectively show the RMS value of hydrological loading displacement in the
N, E, and U directions and their maximum RMS values are shown in (d).

3.3. After Hydrological Loading Correction

Research shows that environmental loading, including hydrological loading, atmo-
spheric loading and non-tidal ocean loading are the main factors that cause non-linear
changes in stations [42]. Among them, the hydrological loading change is an important
reason for the periodic vertical changes of GNSS stations. The GNSS time series itself
contains the influence of loading. This article deducts it on the basis of it, and then analyzes
the influence of hydrological loading on GNSS time series. Therefore, based on the above
calculation results, this paper corrects the hydrological loading of these 671 IGS reference
stations, re-analyzes the noise of the corrected coordinate time series, and obtains the
optimal noise model of the global IGS reference station N, E, U components after deducting
the influence of hydrological loading. Figure 5 shows the proportional distribution of the
optimal noise model for each station component.
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Figure 5. The optimal noise model distribution in the N, E, U directions and total components of global IGS stations after
hydrological loading correction. (a), (b) and (c) respectively show the optimal noise model percentage in the N, E and U
directions and the optimal noise model percentage of total components are shown in (d).

From Figure 5a—d, it can be seen that, compared with Figure 2a—d, after calculating
the hydrological loading correction, the percentage of the WN+FN model in the N, E, and
U directions obviously increases, and the percentage of GGM model somewhat decreases.
However, in the N and E directions, the optimal noise model, WN+FN, still accounts
for the largest proportion with 55.4% and 56.8%, respectively. Compared with the case
without employing hydrological loading correction, the percentage increased by 4.1% and
3.4%, respectively. The second largest proportion is WN+PL. In the U direction, the GGM
model still has the largest proportion of the optimal noise model, accounting for 47.6%,
followed by the WN+PL model. Regardless of whether the impact of hydrological loading
is considered, in the long-term coordinate series analysis of global IGS reference stations,
the smaller proportion of the optimal noise model are the combination of WN+GGM and
WN+RW models.

4. Discussion
4.1. Velocity and Velocity Uncertainty Analysis

Studies have shown that the estimated values of velocity and velocity uncertainty in
GNSS time series will vary with the noise model used [43—45]. Therefore, in the velocity
error estimation, the influence of different noise models should be considered. According
to the above analysis, in the global GNSS long-term coordinate series, WN+EN is the
optimal noise model. The results obtained in this article are the same as those obtained by
many previous scholars [46,47]. In this article, we used the CleanDetrend data provided
by SOPAC, and the trend item information has been deduced from the GNSS time series.
We added the optimal noise model combination WN+FN, using Hector software to extract
the velocity of the selected 671 IGS long-term coordinate series. The uncertainty of the
velocity is also generated immediately, which actually represents the fluctuation of the
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velocity value. When considering the optimal noise model combination WN+FN, compare
the difference of the velocity and its uncertainty relative to SOPAC. That is, when only WN
+ FN is considered, the velocity and velocity uncertainty difference distribution of each

station components are shown in Figure 6 below:
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Figure 6. The difference between the velocity and its uncertainty estimation under the optimal noise model of global IGS
stations. (a,c,e) show the difference between the velocity under the optimal noise model of global IGS stations. (b,d,f) show

the difference between the velocity uncertainty estimation under the optimal noise model of global IGS stations.
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In order to more clearly and intuitively see the specific size of the velocity difference
and the velocity uncertainty difference of each direction in each interval, this article lists the
percentage of the interval of velocity and velocity uncertainty of each station. As shown in
Table 1, in the direction of N, E and U, the absolute value of the velocity difference is more
than 85% within 1 mm, and only less than 10% of the stations have the absolute value of the
velocity difference between 1 and 2 mm, and some of them are larger than 2 mm. As shown
in Figure 6a,c,e, these sites over 2 mm are marked with black and white dots. We can see that
most of the black and white dots are near the coastal area. For example, ANTC (longitude
288.4680°, latitude —37.3387°), MIZU (longitude 141.1328°, latitude 39.1352°) stations, etc.
The reason for analysis may be related to the imperfect simulation of noise models in these
coastal areas. For the velocity uncertainty difference, in the N and E directions, 86% and 87%
of the stations velocity uncertainty differences are less than 0.4 mm/year, and the maximum
value is less than 1 mm. In the U direction, the influence value is slightly larger than that
in the N and E directions. A total of 87% of the stations velocity uncertainty differences are
less than 0.8 mm, and the maximum value is less than 2 mm. If you consider the effects of
rounding errors, the calculated results can be considered reasonable.

Table 1. Distribution of station velocity and velocity uncertainty difference.

Velocity Difference (mm/Year)

Velocity Uncertainty Difference (mm/Year)

(=2, -1

(—1,0) 0,1) 1,2) (0,0.2) (0.2,0.4) (0.4,0.8) (0.6, 0.8) (0.8, 1.0)

2.2%
1.3%

m Z

U 3.0%

51.1% 38.5% 2.2% 65.7% 20.1% 9.2% 4.0% 0.75%
45.5% 42.5% 2.4% 63.0% 24.0% 8.6% 2.4% 1.0%

(0,0.4) (04,08  (08,12)  (12,16)  (1.6,2.0)

32.6% 52.8% 2.2% 44.7% 28.8% 19.8% 4.9% 1.1%

In order to further study the influence of hydrological loading on GNSS long-time
series velocity and its uncertainty, considering only the WN+EN noise, this paper analyzes
the differences in the velocities and its uncertainties of the 671 IGS stations before and after
the hydrological loading correction, and draws the percentage diagrams in the N, E, and U
directions. The result shows that it has basically no effect on the velocity uncertainty, but
it will cause varying degrees of velocity changes at the station, especially in the vertical
direction. The statistical results are shown in Figure 7. It can be seen that in the N
direction, after the hydrological loading correction, the velocity influence value can reach
up to 0.9 mm, and 97.4% of the values are between 0 and 0.2 mm. In the E direction, the
maximum influence value can reach 0.5 mm, and 89.8% of the influence values are between
0 and 0.1 mm. In the U direction, we can see that the influence value is more obvious
relative to the horizontal direction. Its maximum value can reach 1.8 mm, most of the sites
are between 0 and 0.4 mm, and the percentage can account for 82.6%. Therefore, when
estimating the vertical velocity, the influence of hydrological loading must be considered.

Percentage(%)

3
=1

100 100

60 60

40 40

as 121

s 01 03 03 01 3. 08 ai

002

Q Q
0204 04-06 0608 0310 0~01 01-02 02-03 03~04 04035 004 0403 08~12 12~16 16-20

Velocity difference (mm/year)

Figure 7. The percentage diagram of velocity influence value before and after hydrological loading correction.
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Compared with the WN+FN model, different complex noise models will also have a
certain impact on the station velocity and its uncertainty, as shown in Figure 8 below, the
vertical direction is larger and the horizontal direction is smaller. Among them, regarding
the influence of velocity, in the directions of N and E, the remaining four noise models
are basically the same, and more than 85% of the station velocity differences are within
1 mm in absolute value. However, in the U direction, the ratio of the WN+RW velocity
difference between (—1, 1) is significantly smaller than other noise models, accounting for
only 68.7%, while in (-2, 1) and (1, 2), the proportion between them is slightly larger. The
difference between these four noise models is mainly reflected in the velocity uncertainty.
For the velocity uncertainty difference, in the directions of N, E, and U, the GGM noise
model accounts for the largest proportion between (0, 0.2), accounted for 76.5%, 79.1%,
64.5%, respectively, followed by WN+GGM, WN+PL noise model combination. Among
them, WN+RW has the largest impact level, and the velocity uncertainty difference of more
than 85% of the stations are greater than 1 mm/year. Especially in the U direction, the
velocity uncertainty difference is greater, and more than 95% of the stations are greater
than 2 mm/year. It can be concluded that for the establishment of mm-level high-precision
reference frames and plate motion analysis, we need to take into account the differences
brought about by different noise models.

4.2. Amplitude Analysis

To study the relationship between the hydrological loading and the amplitude of the
selected global IGS reference stations. In this paper, the annual and half-annual amplitudes
of the stations considering the influence of hydrological loading under different noise
models are estimated. The results under the optimal noise model are shown in Figure 9. It
can be seen that no matter whether the hydrological loading is corrected or not, there are
significant annual and semi-annual amplitudes at each station. Without considering the
influence of hydrological loading, the U direction is the largest, and its maximum annual
amplitude can reach 16.48 mm, and 95.7% of the stations have an annual amplitude between
0 and 8 mm. The N and E directions are next. In the N direction, the maximum annual
amplitude can reach 9.87 mm, and in the E direction, the maximum annual amplitude
can reach 10.07 mm. A total of 92.1% and 91.8% of the station sizes are between 0 and
2 mm. In addition to the influence of the annual amplitude, the half-annual amplitude also
has a significant change, which is still more affected in the U direction, and its maximum
value can reach 5.11 mm. Compared with the vertical direction, the horizontal half-annual
amplitude is smaller. In the N and E directions, 93.4% and 90.6% of the stations are less
than 1 mm.

After the hydrological loading is corrected, when only the WN+FN noise model is
considered, it will have a certain impact on the annual and half-annual amplitude of the
stations. Figure 10 plots the annual and half-annual amplitude differences before and
after the hydrological loading correction in each direction. It can be seen that after the
hydrological loading correction is added, it still has a relatively large impact on the U
direction. The maximum annual amplitude difference can reach 8.08 mm, and the annual
amplitude difference of most stations are between —3 and 3 mm, which can account for
97.5%. Compared with the annual amplitude, the half-annual amplitude difference is
smaller. In the U direction, the maximum value can reach 1.71 mm, and the absolute value
of the half-annual amplitude difference of 98.6% of the stations are less than 1 mm. In the
horizontal direction, whether it is the annual amplitude or the half-annual amplitude, its
influence value is relatively small. In the N direction, the maximum annual amplitude
difference is 1.04 mm, and the absolute value of the annual amplitude difference in 99.7% of
the stations are within 1 mm. The maximum half-annual amplitude difference is 0.21 mm,
and the absolute value of the half-annual amplitude difference in 98.3% of the stations
are less than 0.2 mm. In the E direction, the maximum annual amplitude difference is
1.01 mm, and the absolute value of the annual amplitude difference in 99.9% of the stations
are within 1 mm. The maximum half-annual amplitude difference is 0.32 mm, and the
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absolute value of the half-annual amplitude difference in 99.4% of the stations are less than
0.2 mm. From this, it can be concluded that the calculated hydrological loading will indeed
cause the annual and semi-annual movements of IGS reference stations in the global region.
The impact varies from station to station and is related to the geographical environment
around the stations. The annual amplitude is larger than the half-annual amplitude, but it
cannot completely reduce the annual and half-annual amplitudes of the GNSS long time
coordinate series, especially the half-annual amplitude.
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Figure 8. The distribution of velocity and velocity uncertainty differences under different noise
models. (a) shows the distribution of velocity differences under different noise models and (b) shows
the distribution of velocity uncertainty differences under different noise models.
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Figure 9. Distribution of the annual amplitudes before hydrological loading correction are shown (a,c,e). (b,d,f) show the
half-annual amplitude before hydrological loading correction. (unit: mm).

In order to more clearly explain the influence of the hydrological loading correction
on the annual and half-annual amplitudes, Table 2 lists the percentages of the annual and
half-annual amplitude differences in each interval in the N, E, and U directions in detail.

Figure 11 shows the statistics of the annual and half-annual amplitude difference before
and after the hydrological loading correction in various directions under different noise mod-
els. It can be seen, no matter which noise model is selected before and after the hydrological
loading correction, that the influence of the annual amplitude and half-annual amplitude
is larger in the vertical direction and smaller in the horizontal direction. Therefore, it can
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be concluded when estimating the influence of the hydrological loading on the annual and
semi-annual amplitude difference of the IGS station that the noise models including WN+FN,
WN+PL, WN+RW, GGM and other noise models have negligible influence.
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Figure 10. Statistics of annual and half-annual amplitude differences before and after hydrological loading correction.
(a,c,e) show the statistics of annual amplitude differences before and after hydrological loading correction. The half-annual
amplitude differences before and after hydrological loading correction are shown in (b,d,f). (unit: mm).

61



Remote Sens. 2021, 13, 431

Table 2. Annual and half-annual amplitude difference percentage table before and after hydrological loading correction.

Annual Amplitude Difference (mm) Half-Annual Amplitude Difference (mm)

(=2, -1) (-1,0) 0,1 1,2 (—0.4, —0.2) (—0.2,0) 0, 0.2) 0.2, 0.4)
N 0.3% 51% 48.7% 0.1% 1.3% 50% 48.3% 0.4%
E 0% 49.6% 50.3% 0.1% 0.6% 52.1% 47.3% 0%

(=3,0) (©,3) (3,6) (6,9) (=2,-1) (=1,0) (0,1) (1,2)
18] 30% 67.5% 2.2% 0.4% 1.2% 47.2% 51.4% 0.2%
% B22824528524 0 1 50473 I WN+GGM
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Figure 11. Statistics of annual and half-annual amplitude difference under different noise models
before and after hydrological loading correction. (a) shows the statistics of annual amplitude differ-
ence under different noise models before and after hydrological loading correction and (b) shows the
half-annual amplitude difference under different noise models before and after hydrological loading
correction. (unit: mm).
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5. Conclusions

In this paper, we used the GNSS coordinate time series of 671 IGS stations around the
world from 2000 to 2021 to analyze the world’s optimal noise model. More importantly, the
influence of hydrological loading on the GNSS coordinates time series is discussed, and
the following conclusions are obtained:

1. Pure white noise cannot represent the optimal noise model for the long-term series of
global IGS reference station coordinates. The noise models of global IGS reference
station coordinate time series are diverse, and the N, E, and U directions show different
optimal noise model characteristics. Before the hydrological loading correction, the
optimal noise model for 46.4% of the station components is WN+EN, the optimal noise
model for 28.4% of the station components is WN+PL, and the 22.6% components is
the GGM noise model. There is also a small number of components represented as
WN+GGM and WN+RW model combinations.

2. Experiments show that the hydrological loading does cause changes in the noise char-
acteristics of IGS stations. After calculating the hydrological loading correction, the
ratio of WN+EN in the optimal noise model increased significantly (50.1%). Among
them, the largest proportion of the optimal noise model in the U direction is still the
GGM noise model (47.6%), followed by WN+PL.

3. When studying the influence of hydrological loading on the velocity of the stations
and its uncertainty, it is found that the hydrological loading has little effect on the
velocity uncertainty of the IGS long-term coordinate series, but it will affect the
velocity of the stations, especially in its vertical direction, its velocity influence value
can reach up to 1.8 mm. Therefore, when estimating the vertical velocity, the influence
of hydrological loading must be considered.

4.  Different complex noise models will affect the station velocity and velocity uncertainty.
For WN+EN, 85% of the stations velocity influence value are within 1 mm. For velocity
uncertainty, its influence in the vertical direction is more obvious, and the maximum
value can be close to 2 mm. When analyzing the WN + RW noise model combination,
its impact on the GNSS time series velocity uncertainty is quite different from other
combined noise models. Therefore, when studying the influence of the world’s
optimal noise model on time series, this will be the next step worth pondering.

5. The hydrological loading will have a certain impact on the annual and semi-annual
amplitudes of global IGS stations, which is mainly reflected in the vertical direction.
The magnitude of the impact varies from station to station, mainly related to the
environment around the station. The annual amplitude motion caused is greater than
the half-annual amplitude motion. After adding hydrological loading correction, it
cannot completely reduce the annual and half-annual amplitude movement of the
station. The amplitude of some stations not only does not decrease, but shows an
increasing trend. When considering the influence of different noise models on the
annual and half-annual amplitude difference before and after hydrological loading
correction, it is found that the influence value is very small and can be ignored.

However, there are currently many research institutions that have calculated the
hydrological loading. In this article, only the hydrological loading products of GFZ are
discussed, and other hydrological loading products are not explained. Therefore, in future
research, multiple hydrological loading models should be compared and analyzed, and the
influence of hydrological loading on the GNSS coordinates time series should be studied at
a deeper level.
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Abbreviations
AR1 First-order autogressive noise
AIC Akaike Information Criterion
BIC Bayesian Information Criterion
BPPL band pass+powerlaw noise
CMONOC  Crustal Movement Observation Network of China
CME common mode error
CORS Continuously Operating Reference Stations
CGCS2000  China Geodetic Coordinate System 2000
CF center of figure
EOST School and Observatory of Earth Sciences
FN flicker noise
FOGMRW first order Gauss-Markov+random walk noise
GNSS Global Navigation Satellite System
GGM generalized Gauss-Markov noise
GFzZ German Research Centre for Geosciences
HYDL hydrological loading
IGS International GNSS Service
IMLS International Mass Loading Service
LSDM Land Surface Discharge Model
NASA National Aeronautics and Space Administration
PL power-law noise
RW random walk noise
SOPAC Scripps Orbit and Permanent Array Center
VW variable white noise
WGS84 World Geodetic System 1984
WN white noise
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Abstract: Although ground-based synthetic aperture radar (GB-SAR) interferometry has a very
high precision with respect to deformation monitoring, it is difficult to match the fan-shaped grid
coordinates with the local topography in the geographical space because of the slant range projection
imaging mode of the radar. To accurately identify the deformation target and its position, high-
accuracy geocoding of the GB-SAR images must be performed to transform them from the two-
dimensional plane coordinate system to the three-dimensional (3D) local coordinate system. To
overcome difficulties of traditional methods with respect to the selection of control points in GB-
SAR images in a complex scattering environment, a high-resolution digital surface model obtained
by unmanned aerial vehicle (UAV) aerial photogrammetry was used to establish a high-accuracy
GB-SAR coordinate transformation model. An accurate GB-SAR image geocoding method based on
solution space search was proposed. Based on this method, three modules are used for geocoding:
framework for the unification of coordinate elements, transformation model, and solution space
search of the minimum Euclidean distance. By applying this method to the Laoguanjingtai landslide
monitoring experiment on Hailuogou Glacier, a subpixel geocoding accuracy was realized. The
effectiveness and accuracy of the proposed method were verified by contrastive analysis and error
assessment. The method proposed in this study can be applied for accurate 3D interpretation
and analysis of the spatiotemporal characteristic in GB-SAR deformation monitoring and should
be popularized.

Keywords: ground-based SAR; UAV aerial photogrammetry; geocoding; solution space search;
landslide monitoring

1. Introduction

Ground-based synthetic aperture radar (GB-SAR) interferometry is an active mi-
crowave remote sensing technology that was developed in the past two decades. GB-SAR
interferometry can be used to image the radiation field of radar antenna with high spa-
tiotemporal resolution, yielding single look complex (SLC) images of the target area in
the two-dimensional (2D) plane radar coordinate system [1,2]. The emergence of GB-SAR
interferometry technology is an important complementarity with spaceborne or airborne
interferometric SAR (InSAR) technology, which greatly promotes the application of InNSAR
technology in the field of deformation monitoring [3]. Owing to the satellite revisit period
and side looking angle of the sensor, monitoring with high spatiotemporal resolution
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on the surface of the local small area is difficult to achieve using traditional spaceborne
SAR [3,4]. Compared with spaceborne SAR, GB-SAR can be used to establish specific
geometry observation scene in accordance with the monitoring target. A minute- and
submeter-level spatial-temporal monitoring resolution can be achieved by using a flexible
baseline based on the monitoring needs [5-7]. In addition, a submillimeter-level precision
can be reached with respect to the deformation measurement by interferometry, which
compensates for the monitoring deficiencies of spaceborne INSAR and traditional geodetic
monitoring technology, such as deficiencies in the spatiotemporal resolution and accu-
racy [2,8-10]. After years of development and practice, GB-SAR has been widely used for
monitoring the motion of landslides [11-17], dams [18,19], side slopes [8,20,21], open-pit
mining areas [22,23], and glaciers [24-28]. This method has good application prospects and
research value in the industry.

As a new technology based on microwave interferometry, GB-SAR is mainly based
on the stepped-frequency continuous wave (SFCW) [5,24], synthetic aperture and differ-
ential interferometry to obtain 2D high-precision displacement maps and high-precision
deformation results. Specifically, GB-SAR uses SFCW technology to synthesize signals to
improve range resolution and keep a high average transmit power at the same time. It uses
synthetic aperture technology to improve azimuth resolution, and uses InNSAR technology
to compare the phase information of the target at different times, so as to calculate a small
displacement change and obtain high accuracy deformation results. The data collected
by GB-SAR system is a 2D image including range and azimuth resolution. Each pixel
includes amplitude and phase information. The GB-SAR system can distinguish different
monitoring targets mainly based on the slant range from the target to the radar center and
the deflection angle from the target to the center of the radar antenna beam [29]. In contrast
to the orthographic projection of traditional topographic maps and central projection used
in photogrammetry, slant range projection in the radar 2D plane coordinate system is
used as imaging mode of the GB-SAR. The spaceborne SAR satellite satisfies the far-field
approximation conditions of the radar antenna, which can be regarded as SAR image
data in a regular grid [30]. Due to the installation mode and antenna size limitations, the
imaging distance of GB-SAR is relatively short (maximum distance: 5-10 km), and the
target area is mainly in the near field of the radar antenna radiation field, which does not
satisfy the far-field approximation conditions [3,11]. Therefore, a special fan-shaped grid
coordinate system is used for GB-SAR images.

As the imaging methods and spatial geometric relations vary, the method used for
the transformation of the GB-SAR image coordinate system significantly differs from
traditional methods. Therefore, the most important task in GB-SAR image data processing
and interpretation is to determine the actual position of the deformation according to the
2D plane coordinates of the radar. To address the gap with the real three-dimensional (3D)
deformable body, researchers should directly interpret the 2D radar image or interferogram
in the imaging mode based on their experience. Otherwise, recognition errors with respect
to the deformation target or area could occur [19]. To correctly identify the deformation
target and position and compare them with the results of other monitoring technologies
or carry out fusion analysis, it is necessary to establish a high-accuracy coordinate system
transformation model to accurately geocode the radar images in the 3D space system.

Methods that are commonly used for the transformation from the 2D plane coordinate
system to the 3D local coordinate system of the GB-SAR image mainly include parameter
transformation and coordinate coding [31-34]. Parameter transformation mainly includes
direct transformation and similar transformation. However, owing to the specific geometric
projection method of GB-SAR imaging, direct transformation will cause a large plane
coordinate offset error when the elevation angle from the target to the radar center is
large [29]. Based on similar transformation, the transformation parameters are calculated
by using a limited number of reference points. A certain transformation accuracy can
be achieved in the area with a small change in the terrain slope, but it is difficult to
achieve a holistic high accuracy because of the imprecise transformation model [34]. The
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coordinate coding method is relatively rigorous, but it also has several deficiencies. On
one hand, it strongly relies on the accuracy and integrity of external auxiliary data such as
the digital surface model (DSM) and digital elevation model (DEM). If 3D auxiliary data
in the monitoring area are missing, it is difficult to match the 3D information based on
coordinate coding using the corresponding pixels [35]. On the other hand, the accuracy of
the coordinate coding method depends on the selection of control points and the quality of
the positioning. In practical work, artificial corner reflectors (CRs) are generally installed as
control points and their positions in the 3D coordinate system are measured [9]. However,
it is difficult to distinguish these control points in areas with dense rocks or buildings with
strong and complex scattering of ground features, such as glaciers covered by moraines,
landslides with surface debris, and mining areas with large ore accumulation. In addition,
if the control point is far from the radar center, the azimuth resolution of the pixel increases,
and also the side lobe plays a role. Therefore, it is difficult to accurately locate the positions
of the CRs in the radar image. Thus, accurate geocoding based on GB-SAR cannot be
realized in practice because of the shortcomings of the coordinate transformation methods.
Therefore, in this study, unmanned aerial vehicle (UAV) photogrammetry data, which
are widely used in the surveying and mapping industry, were utilized for GB-SAR coor-
dinate transformation as the first consideration to realize high-accuracy geocoding. The
digital orthophoto map (DOM) and DSM that were obtained based on the use of UAV aerial
photogrammetry data have a high precision and integrity, and thus, effectively compensate
for the lack of 3D data based on visual field limitations with respect to ground-based 3D
laser scanning and close-range photogrammetry. In addition, the ground photo control
points (PCPs) laid out for UAV photogrammetry can be combined with the GB-SAR de-
ployment location, and the coordinates of the points and radar rail azimuth angle can be
accurately measured by using the global navigation satellite system (GNSS) or total station.
This method can effectively avoid the defects of inaccurate coordinates measurement by
using CRs as ground control points (GCPs). With the help of external auxiliary data, an
accurate GB-SAR geocoding model was established in this study based on searching the
solution space. This model was applied for the monitoring of the Laoguanjingtai (LGJT)
landslide that occurred on the Hailuogou Glacier, China. A subpixel level geocoding
accuracy was achieved, and the effectiveness and accuracy of the model were verified.
The method proposed in this paper can be applied for accurate 3D interpretation and
spatiotemporal analysis in GB-SAR deformation monitoring and should be popularized.

2. Materials and Methods
2.1. Dataset

The following data were used in this study.

1.  GB-S5AR original observation dataset. Obtained by GB-SAR by continuous monitor-
ing under specific observation geometry conditions. The azimuth resolution was
2-5 mrad, the maximum range resolution was 0.5 m, and the deformation monitoring
accuracy was at the submillimeter level. This was the main dataset used for geocoding
in this paper.

2. Ground control survey dataset. The azimuth angle of the GB-SAR guide rail was
measured by the GNSS or total station and the radar center was combined with
ground PCPs in the survey area. The coordinate and angle measurement accuracies
reached the centimeter and 0.5 s level, respectively, fully meeting the requirements
of GB-SAR coordinate transformation [33,36]. After the measurement, the location
point of GB-SAR became the link between the radar and 3D coordinate systems. This
dataset was mainly used for the transformation between the two coordinate systems.

3. External ancillary 3D information. These data were obtained from aerial photogram-
metry or light detection and ranging (LiDAR) carried on UAV. Due to the data gap
caused by the shadow of sight, several transformation defects occur during ground-
based 3D laser scanning. In this study, UAV aerial photogrammetry technology
was used to collect high-resolution images of the monitored area. The PCPs were
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arranged on the ground to obtain external auxiliary data such as DSM, DOM, and
3D real-scene model (five-lens oblique photogrammetry) using a local unified coor-
dinate system. These data were mainly used to realize the solution space search for
geocoding transformation.

The related parameters of the above datasets are shown in Table 1.

Table 1. Available equipment and related indicators of datasets.

Dataset Avalllable Outputs Resolutions Characteristics
Equipment
GB-SAR observation GB-SAR SLC/deformation Azimuth: 2-5 mrad; The deformatl.or.l accuracy
dataset Range: 0.5 m can reach submillimeter level
Ground control GNSS Coordinates 10 mm + 1 ppm Conv?ment measurement
and uniform global accuracy
survey dataset . .
Range: 2 mm + 2 ppm High precision,
Total station Coordinates/azimuth . Y oan measurement needs
Angle: 0.5"-2 X A
intervisibility
. UAV aerial DSM/DEM/DOM >5em With high precision and rich
External ancillary 3D photogrammetry ground texture
information Airborne LIiDAR DSM/DEM >5cm With high precision and less
ground texture
With shadows and
Ground 3D laser scan DSM/DEM >5cm inconvenience of
interpretation

2.2. Solution Space Search Geocoding Model

For accurate geocoding from the 2D radar plane coordinate system of the GB-SAR
to the 3D local coordinate system, accurate deployment data of the GB-SAR are required,
including the center coordinates of the radar sensor and azimuth angle of the radar guide
rail, which are used as a link to realize the unification of the two coordinate systems. For
geocoding, with the help of high-precision external elevation data such as DSM, DEM,
and 3D terrain point cloud data, the Euclidean distance between the radar center and the
ground point is calculated by using MATLAB software programming, and the minimum
Euclidean distance is searched and matched with the corresponding azimuth distance
in the radar image coordinate system. The geocoding method used in this study mainly
included the following parts.

2.2.1. Unified Coordinate System Frame of Each Element

To realize high-accuracy GB-SAR image geocoding, the position and orientation of
each coordinate element in the target coordinate system should be accurately determined
using the GNSS or total station. The element survey mainly includes the measurement of
PCPs and the precise measurement of the GB-SAR location point. Based on the specific
requirements of actual work, the target coordinate system also has a certain particularity
and independence. By measuring the PCPs, the UAV photogrammetry results can be
unified to the target coordinate system and can be used as the basic supporting data for
subsequent coordinate transformation. Further, based on the joint measurement with GCPs,
the coordinates of the GB-SAR center point and azimuth angle of the radar guide rail can
be accurately measured. The azimuth angle can also be calculated by measuring the center
coordinates of the positioning screw of the observation pier when the GB-SAR system is
set up. After the above-mentioned elements are unified in the target coordinate system, the
coordinate transformation model can be established.

2.2.2. Coordinate Transformation Model

Owing to the fan-shaped projection mode of GB-SAR imaging, its range resolution
is fixed and the azimuth resolution decreases with increasing observation distance. In
addition, the GB-SAR projection mode is slant range projection, therefore, there is a certain
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angle between the imaging projection plane and horizontal plane, which leads to a scale
inconsistency of the same ground feature in the two coordinate systems. If the terrain
elevation significantly changes, the coordinate offset will be aggravated [1]. As shown in
Figure 1, in the radar coordinate system G-XY, “a,” “b,” and “c” are three ground feature
points, which have the same distance from the radar center. However, in the 3D local
coordinate system O-ENZ, the radar line of sight (LOS) angle and ground feature elevation
differ and the coordinate projection can be Na, Nb, and Nc, respectively. The figure shows
that the LOS to the horizontal direction is closer and the coordinate offset is smaller. The
larger the elevation difference between the ground object and radar center is, the larger is
the projection deviation. This is the error source of the parameter transformation method,
which explains why it is difficult to accurately transform the coordinates.

Y

I X
G
(a) (b)

Figure 1. Schematic diagram of ground-based synthetic aperture radar (GB-SAR) coordinate offset.
(a) Three feature points with equal distance from the center of GB-SAR in the radar coordinate
system; (b) the north direction projection offset of the three pixels in the three-dimensional (3D) local
coordinate system.

After determining the error source, the basic principle of radar imaging is used as
the starting point, that is, independent of the coordinate system, the Euclidean distance
from the feature point to the GB-SAR center is equal. Based on the assumption that the
coordinate of feature point P in the radar coordinate system G-XY is P(Xp, Yp), the distance
can be expressed as follows:

Rep =/ (Xp — Xo)* + (Yo — Yo )%, M
-~ Xp— Xg
0 = arctan Yo —Vo (2)

where Rgp represents the distance from point P to the radar center point G and 6 is the
deflection angle from point P to the radar center line direction. Due to the limited scanning
angle of GB-SAR, the angle is generally within the range of £ 50°. Under real conditions,
the 6 range can be limited to reduce the calculation amount and improve the transformation
efficiency (e.g., 6 € [—50°,50°]).

Based on the assumption that the coordinate of the ground feature point P in the 3D
local coordinate system O-ENZ is P(Ep, Np, Zp)6 and the coordinate of the GB-SAR center
point G is G(Eg, Ng, Zg), the feature point P can be expressed as follows:

Scp = \/(EP —Eg)*+ (Np — Ng)* + (Zp — Zg)*, ®3)
n= arctanf]llj%ijcc, (4)
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where S¢p is the Euclidean distance from the ground feature point P to the radar center
point G and « is the horizontal plane projection quadrant angle of GP.

After establishing the corresponding distance and angle information of the ground
feature points in two coordinate systems, it is necessary to further match the angle relation-
ship based on the equal distance, establish a set of connection equations, and provide a
mathematical foundation for the searching and matching of the distance solution space. As
the orientation of the radar LOS (Y-axis direction) differs from the north direction (N-axis
direction) of the 3D local coordinate system, it is necessary to determine the relationships
among the coordinate axes when setting up the GB-SAR system. Figure 2 shows the rela-
tionships between the 2D image coordinate system and local plane coordinate system of
GB-SAR for different orientations. The parameter § is the horizontal rotation angle of the
two coordinate systems, which can be calculated by using common points. During actual
monitoring, the CRs are usually arranged and measured in the 3D coordinate system and
the corresponding points in the radar images are identified and calculated [19]. Although
the method is easy to operate, it has several disadvantages such as a poor recognition of the
reflected echo, low resolution, and strong dependence on manual interpretation. Therefore,
it is difficult to accurately calculate the horizontal angle.

[0 (a) E E
NA N

0=a-p" O=a+p Y
0 © & O (d) "E

Figure 2. Diagram of the relationship between the angle of the coordinate axis and orientation of the
GB-SAR. The Y-axis represents the line of sight direction of the GB-SAR. (a,c) Relational expression

= a — B when the line of sight of the GB-SAR is directed toward the first and third quadrant,
respectively. (b,d) Relational expression 6 = a + B when the line of sight of the GB-SAR is directed
toward the second and fourth quadrant, respectively. The horizontal rotation angle of axes § is scalar,
6 and « are vectors, and the values should be positive and negative.

In this paper, precise engineering measurement was used as global control measure-
ment to measure the GB-SAR center and azimuth of the guide rail. The results were
combined with the UAV photogrammetry PCPs or regional control network in the whole
region. The coordinates of the GB-SAR center in the 3D local coordinate system and the
horizontal angle § of the two coordinate axes can be accurately solved. The coordinate
precision reached the mm level and the angle measurement precision was 0.5”, meeting
the requirements of an accurate coordinate transformation of GB-SAR.
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Based on determining the above-mentioned axes relationships, the following coordi-
nate transformation equations can be obtained.

Rgp = Sgp
{ f=axp ’ ©®)

That is,

\/(XP - Xg)*+ (Yp—Yg)* = \/(EP — E6)’ + (Np — Ng)* + (Zp — Zg)* ©)
arctan )}(,g :i,(g = arctan f,g :ifé B

The overall relationship is changed into the process of obtaining the corresponding
pixel P(Ep, Np, Zp) in the local 3D coordinate system according to pixel P(Xp, Yp) in the 2D
radar coordinate system. The sign “+” in the coordinate axis angle relationship equation is
based on the GB-SAR orientation quadrant in the 3D local coordinate system, as shown in
Figure 2.

2.2.3. Geocoding Based on Solution Space Search

It is not difficult to identify the rank defect of the above-mentioned equations, but it
is difficult to solve massive transformation data using traditional methods (e.g., the full
search and iterative method). With the help of computing power, we can identify the radar
coordinate pixel P corresponding to local 3D coordinates by searching the solution space
using the minimum Euclidean distance criterion.

The main ideas are as follows: first, the azimuth angle and range resolutions of the
transformation model are set according to the actual monitoring resolution requirements
of the project. As the GB-SAR resolution (range resolution: ~0.5 m, azimuth resolution:
~4 mrad) is lower than the DSM grid resolution (reaching the cm level) of the UAV
photogrammetry results, GB-SAR is generally oversampled or the DSM is downsampled to
adapt to the fixed grid resolution. After the processing, speckle noise interferences can be
reduced to a certain extent, and the subsequent matching is smoother. The range set {Sgp}
and quadrant angle set {«} from each pixel center to the radar center in the DSM and the
range set { Rgp} and deflection angle set {6} from each pixel to the radar origin in GB-SAR
coordinate system are calculated according to the grid size. Finally, based on azimuth angle
matching, the minimum Euclidian distance principle is adopted to match the distances in
this direction and the pixels of the range matching in the 2D radar coordinate system are
assigned to the corresponding coordinates in the local 3D coordinate system for geocoding.

In addition, to reduce the search workload and improve the matching accuracy, the
search scope and range elimination threshold can be set according to the actual GB-SAR
observation system and local geographic conditions. If there is no effective distance
matching value in the azimuth direction, the range solution is further searched within the
scope of the search threshold set in the azimuth direction of the point. The principle of
the coordinate search and match method is shown in Figure 3. To accurately calculate the
coordinate value P(Ep, Np, Zp) in the local 3D coordinate system corresponding to the pixel
P(Xp,Yp) in the radar image coordinate system, we can determine the 3D topographic
profile of the DSM corresponding to the pixel P of the radar based on the unified coordinate
frame and through the matching of angular geometric relations among f, 6, and «a. The
distance between the radar sensor center and DSM pixel in the topographic profile is
matched sequentially, and the minimum value of the distance within the search threshold
is obtained as the optimal solution.
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@ Pixels of DSM
@ Pixel with minium distance solution
} Radar antenna beam center

pographic profile ) Target antenna beam

Figure 3. Schematic diagram of the solution space search. The main figure shows the geometric
positional relationship of the GB-SAR in the radar 2D plane coordinate system (XY) and local 3D
coordinate system (ENZ). The red line in the figure indicates the minimum Euclidean distance
matching solution between the ground target point P and radar sensor center in the topographic
profile in the beam direction. The inset in the upper right corner (enlarged picture in the circle)
shows the schematic diagram of the solution space search threshold. The ARange; AAzimuth, and
AZ are the range, azimuth, and elevation search thresholds, respectively. The search threshold can be
customized according to the actual monitoring needs and the distance matching solutions beyond
this scope will be eliminated.

The setting of the search threshold is shown in the inset in Figure 3. The ARange,
AAzimuth, and AZ are the range, azimuth, and elevation search thresholds, respectively.
The search threshold can be customized according to the actual monitoring needs and
distance matching solutions beyond the scope will be eliminated. In general monitoring
cases, ARange and AAzimuth should be compatible with the grid resolution of the radar
or DSM to unify the order of magnitude. To achieve a comprehensive spatial search of
the distance solution, AZ can be defaulted to be the entire topographic profile elevation
range, that is, to search and match all DSM elevation points in the beam direction of the
radar antenna. The pixel points corresponding to the minimum Euclidian distance from
the center of the GB-SAR sensor are selected as the optimal matching points. Based on
this method, all radar image pixels are searched and matched sequentially to realize the
highly accurate geocoding of the GB-SAR images. The flowchart of the GB-SAR geocoding
method based on solution space search is shown in Figure 4.

2.3. Method of Geocoding Accuracy Assessment

For the effectiveness of geocoding results, we used the method of contrastive in-
terpretation to analyze and evaluate. Combined with the high-precision DOM and 3D
model produced by UAV photogrammetry, we interpreted and analyzed the geocoding
situation of pixels in uncoded region, obvious deformation region and invisible region,
and compared it with the actual geographical environment to determine whether it is
consistent with the radar imaging mechanism and the actual situation, so as to evaluate
the correctness of the geocoding results and verify whether the method is effective.
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Figure 4. Flowchart of the GB-SAR geocoding method based on solution space search.

On the basis of the effectiveness of the method, we further assessed the logical accu-
racy of the geocoding results. The coordinate components of pixels geocoded in the 3D
local coordinate system O-ENZ were reprojected into the corresponding GB-SAR image
coordinate system G-XY to obtain the distribution of E, N and Z coordinate components,
and check whether the plane component E and N are smoothly distributed, and whether
the elevation component Z is consistent with the DSM distribution. If the plane components
have a mutation or the elevation component does not match the actual DSM distribution,
it means that there is a logical error in the process of solution space search and matching,
otherwise, the geocoding result is logically accurate.

Finally, we calculated the geocoding error and assessed its accuracy quantitatively.
The accuracy index of geocoding includes range error and azimuth error. The basic method
is to make differential between the corresponding pixel Pg, after geocoding in the local 3D
coordinate system and the pixel P in the original GB-SAR coordinate system, and calculate
the range error and azimuth error of each pixel, so as to realize the quantitative assessment
of the accuracy index of each pixel. Then, the accuracy indicators of all pixels were counted
to assess the overall accuracy of geocoding. The error can be expressed as follows:

@)

where Errorrage is the range error, Error azjyus, is the azimuth error, Sg Py is the distance
from the pixel Pg, in the local 3D coordinate system to the radar center G, and ag, is the
corresponding quadrant angle of pixel Pg,, in the 3D coordinate system.
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3. Experiments
3.1. Overview of the Study Area

To verify the effectiveness and accuracy of the proposed method, we used it to monitor
the LGJT landslide in the Hailuogou Glacier area, Mountain Gongga, Sichuan Province,
China. Mountain Gongga is located in the southeastern Qinghai-Tibet Plateau. It is the
highest peak of the Hengduan Mountains, with an elevation of 7556 m. There are 74 glaciers
around the main peak. The largest glacier is the Hailuogou Glacier on the eastern slope,
which is ~13 km long, 250-1200 m wide, and covers an area of 24.7 km? [37]. Tt is the most
famous glacier in this area, and also a national scenic spot in China, which is visited by
many tourists throughout the year. The Hailuogou Glacier is a typical monsoon temperate
glacier. Due to the influence of the monsoon and topography, the annual rainfall at the
end of glacier tongue above an elevation of 3000 m is 1956 mm and the average number
of annual precipitation days is 251 d. Recent observations showed that the glaciers in
Hailuogou Valley are notably shrinking. From 1966 to 2008, the glacier receded by ~728 m
(average rate of ~17.3 m/a). The average surface thinning of the glacier ablation area is
33.9 m (average thinning rate of ~1.8 m/a). The area near the glacier tongue exhibits the
fastest thinning rate of up to 4.3 m/a [24]. The study area is shown in Figure 5.

29.55°N 29.60°N 29.65°N

29.50°N

101.80°E  101.85°E  101.90°E  101.95°E  102.00°E  102.05°E

Figure 5. Main map of the study area shows the relationship between the GB-SAR monitoring
station and Hailuogou Glacier and the red spot in the picture indicates the Laoguanjingtai (LGJT)
landslide. (a) Five-lens oblique photogrammetric unmanned aerial vehicle (UAV) used to obtain
external ancillary data such as the digital surface model (DSM) and digital orthophoto map (DOM).
(b) Location of the GB-SAR monitoring station. The LGJT landslide is directly below the station and
the Hailuogou Glacier can be seen in the foreground. This station has a good visibility and jointly
monitors the landslide and glacier.

The degradation and thinning of the Hailuogou Glacier caused a large number of sec-
ondary landslide hazards in the surrounding mountains among which the LGJT landslide
was the most representative one. The LGJT landslide occurred beneath the observation plat-
form of the terminal moraine dam of the Hailuogou Glacier, with an area of ~1.07 x 10° m?2,
an elevation distribution of ~3050-3250 m. A tourist footpath leads from the observation
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platform to the glacier surface. The average slope of the landslide was as high as 80%, and
the drop was large. In recent years, as the thinning movement of the glacier intensified,
several large slips occurred. The LGJT landslide posed a great risk to the lives of tourists
in the scenic area, as shown in Figure 6. Therefore, continuous and effective landslide
monitoring should be carried out to ensure the tourists” safety and normal operation of the
Hailuogou scenic spot.

Figure 6. LGJT landslide on the Hailuogou Glacier. (a) Overview of LGJT landslide. The main scarp
that formed by the separation of the rear edge of the landslide’s main body from the mountain mass
is very prominent. The front edge of the landslide body is tangent to the Hailuogou Glacier and
local collapse is notable. (b) Detailed landslide surface structures can be observed such as partially
damaged footpaths, the rockfall protection net, and ground fissures. (c) Details of the main scarp
and rear edge of the main body. The altitude difference of the main scarp is >50 m, which causes the
trees below to seriously incline and appearance of the unique phenomenon of a drunken forest in the
landslide movement. (d) Ground fissures on the surface of the landslide; the fissure width generally
ranges from 15 to 30 cm.

To accurately determine the movement and mechanism of the LGJT landslide, both the
landslide and tangent glacier must be monitored. After the field investigation, we finally
emplaced the GB-SAR system in a stable area in the northeast of the landslide, as shown in
Figure 5b. The site conditions were mainly based on the following considerations: elevation
of 3195 m, that is, higher than the top of the main body of the landslide; good visibility; joint
monitoring of the landslide mass and glacier at its lower edge. The observation platform
service station was ~20 m away from the GB-SAR station, providing stable power and
network coverage for long-term monitoring.

3.2. Dataset Acquisition

To implement the method proposed in this study, a high-accuracy and high-resolution
DSM for the whole monitoring area should be obtained to accurately geocode the pixels in
the GB-SAR radar coordinate system into the 3D local coordinate system. In this paper,
the DJI M600 Pro six-rotor flight platform equipped with a Rainpoo DG3 aerial camera
(Chengdu Rainpoo Technology Co., Ltd.; Chengdu, China; www.rainpoo.com, accessed on
1 February 2021) was used to collect aerial images covering the middle and lower parts
of the Hailuogou Glacier and the slopes around the glacier, as shown in Figure 5a. The
longitudinal overlap of the collected image set was 80%, the lateral overlap was 60%. The
coverage area was ~24.5 km?, and the average ground resolution of the images was 3 cm.
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Prior to the photogrammetry, we set up several PCPs on the surface of the landslide and
glacier and four GCPs as datum points in the stable areas next to the GB-SAR and far
away from the landslide, respectively. The 3D coordinates of the PCPs were collected using
GNSS-RTK; the coordinate acquisition accuracy reached the cm level [38,39]. Finally, the
PCPs and photogrammetry image set were joint calculated by GodWork v.1.0 software
(www.uavmap.cn, accessed on 20 January 2021). After image preprocessing, aerial trian-
gulation, point cloud editing, and other processes, the high-accuracy and high-resolution
DSM and DOM of the target 3D coordinate system were obtained. The DSM grid resolution
of this experiment was 5 cm.

In terms of GB-SAR data acquisition, the IBIS-L GB-SAR system developed by the
Ingegneria Dei Sistemi (IDS) corporation of Italy was adopted as the monitoring instrument
in this study. The radar system was composed of a sensor unit, linear slide rail, control
unit, and power supply unit. Based on the principle of spaceborne SAR interferometry,
SFCW technology was introduced to overcome low resolution of spaceborne SAR [40].
The system platform was installed on the ground and the sensor periodically obtained
monitoring data based on a nearly zero spatial baseline on a fixed linear sliding rail. The
sampling frequency was less than 2 min, which solved the problem of temporal and
spatial decorrelation that may be caused by spaceborne SAR [7,15,41,42]. Based on the
above-mentioned characteristics and the advantages of a small volume, flexible layout, and
noncontact measurement method, personnel did not need to enter the target monitoring
area. This ensured the safety of the personnel and prevented any disturbance of the
deformation body. In conclusion, the IBIS-L GB-SAR system has a great advantage in
landslide monitoring.

Before the continuous GB-SAR observation, we used the total station Leica TS02 Plus
(www.leica-geosystems.com, accessed on 1 February 2021) to accurately measure the 3D
coordinates of the radar guide rail and its azimuth angle, installed a reflection prism at
the fixed bolts of the guide rail, and measured the 3D coordinates of the prism center.
The angle measurement accuracy was 2” and the ranging accuracy was 1.5 mm + 2 ppm,
with a high measurement accuracy. The GNSS-RTK was used to measure the PCPs and
GCPs on the surface of the landslide, glacier, and in the stable zone. The coordinates of the
radar center point G in the 3D local coordinate system O-ENZ (independent rectangular
coordinate system) were obtained based on the arithmetic average of repeated measure-
ments. The coordinates of the radar center point G in this experiment were 498,358.612 m,
3,272,392.383 m, and 3195.448 m and those of the azimuth were 285°42'15.47” (from left to
right of the rail) and 105°42’15.47” (from right to left of the rail). The horizontal rotation
angle of two axes is 15°42"15.47” (angle  in Figure 2).

After the center coordinates of the GB-SAR were determined, the LGJT landslide could
be continuously monitored using the GB-SAR system. At a sampling interval of 10 min, a
total of 4288 GB-SAR images were acquired from May 20 to June 20, 2018, with a range
resolution of 0.75 m and azimuth resolution of 4.38 mrad.

3.3. Data Processing
3.3.1. DSM and DOM Processing

The magnitudes of the GB-SAR radar image and DSM resolutions significantly differ.
Combined with the actual requirement of monitoring, we downsampled the DSM and
resampled the grid resolution from 5 cm to 0.5 m, representing the same magnitude level
as the GB-SAR image resolution. The DSM obtained after downsampling is shown in
Figure 7a. The boundary of the LGJT landslide is marked by a red line. Its elevation is
~3050-3250 m, with a large drop height. In addition, we overlayed the DOM on the DSM
to determine the land coverage and obtain information about the geographic environment.
After the coordinate frame was unified, the GB-SAR center point and its orientation were
marked. The relative position of the radar coordinate system in the 3D local coordinate
system is shown in Figure 7b.
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Figure 7. (a) DSM of the Hailuogou Glacier and its surrounding side slopes. The red dot indicates the LGJT landslide with
an elevation of 3050-3250 m. (b) DOM superimposed on the DSM. The positional relationship between the radar 2D plane

coordinate system and 3D local coordinate system is indicated.

3.3.2. GB-SAR Image Processing

Each IBIS-L acquisition produces a focused image made of an NxM complex matrix,
where N and M values depend on the radar configuration and on focusing parameters
specified by the user in the IBISDV v.03.04.005 software (www.idsgeoradar.com, accessed
on 1 February 2021). In the data processing of this experiment, N and M correspond to the
field distance of 500 and 2000 m, respectively. The average power, coherence coefficient,
phase stability, and estimated signal-to-noise ratio (SNR) distribution of the radar image in
the study region after processing are shown in Figure 8. The interpretation and analysis of
the various quality indicators of the radar image show that the surface of the glacier has a
high overall reflection intensity due to the rocks and moraines (Figure 8a). The sampling
interval of 10 min ensures the high coherence in the whole region (Figure 8b). Figure 8c
shows that the phase stability is better in the area with higher reflection intensity. Based on
the DOM ancillary identification in this area, this stability is related to the backscattering
characteristics of moraines (rocks) covered by the surface of the Hailuogou Glacier. Almost
no movement can be detected at the exposed bedrock (glacial polish) on the south side of
the U-shaped glacier valley and the radar backscattering is stable; therefore, the SNR is the
highest, as shown in Figure 8d.

After focusing, we carried out GB-SAR data processing on the 4288 SLC images
using the interference stacking method by IBISDV software. Considering the high hu-
midity in the valley of Hailuogou Glacier terminal, especially the rainy and foggy in
summer, in order to improve the accuracy of radar interferometry, the atmospheric de-
lay was estimated and corrected by selecting the stable target point as the GCPs. This
processing relied on the stability of the GCPs. If the scatterer with a large deformation
was selected, a part of the low-frequency component in the monitored displacement
signal would be regarded as the atmosphere and filtered. In this experiment, the sta-
ble bedrock on the south side of Hailuogou U-shaped valley with high SNR was se-
lected as the control point to participate in the correction of atmospheric phase [43,44],
and obtained the cumulative displacement map of the entire study area, as shown in
Figure 9. Figure 9 shows that the area near the radar center point shows a positive value
(i.e., the movement direction is far away from the radar LOS) and the glacier long-range
perspective area shows a negative value (i.e., the movement direction is close to the radar
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LOS) during the monitoring period, which is consistent with the downward flow of the
glacier and the landslide movement away from the GB-SAR station.
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Figure 8. GB-SAR imaging quality index. (a) Average power map. (b) Coherence coefficient map. (c) Phase stability map.
(d) Estimated signal-to-noise ratio (SNR) map.
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Figure 9. GB-SAR cumulative displacement distribution from 20 May 2018, 12:07:38 p.m. to 20 June
2018, 12:01:49 p.m. The negative displacement reflects movement towards the sensor along the line
of sight (LOS) direction and the positive displacement represents movement away from the sensor.
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4. Results

Based on the above-mentioned preliminary processing, we can roughly judge the
movement trends of the landslide and glacier at the lower edge. However, we cannot
precisely analyze the monitoring area, that is, we cannot effectively determine the specific
point position corresponding to each pixel in the radar image. It is difficult to distinguish the
boundary between the landslide and glacier and analyze their motion coupling relationship.
Therefore, accurate geocoding based on the method proposed in this study is required.

As mentioned above, using MATLAB software programming based on the Formula
(1)-(4), we calculated the range set {Sgp } and quadrant angle set {a} from each pixel center
to the radar center in the DSM and the range set { Rgp} and deflection angle set {6} from
each pixel to the radar origin in the GB-SAR coordinate system according to the grid size.
Based on azimuth angle matching, the minimum Euclidian distance principle was adopted
to sequentially match the distances in this direction. The pixels of the range matching in
the radar 2D coordinate system were assigned to the corresponding coordinates in the local
3D coordinate system for geocoding. In addition, we reduced the workload of the solution
space search and improved the matching accuracy by setting search range and distance
elimination thresholds. In this study, the DSM resolution was 0.5 m. Therefore, we set the
angle matching accuracy to &+ 0.05° (i.e., ~1 km from the GB-SAR center point, the azimuth
resolution was consistent with the DSM grid size). The range elimination threshold was set
to £0.5 m. The pixels exceeding the distance threshold were not geocoded in the 3D local
coordinate system to ensure that the geocoding accuracy of the entire region was at the
subpixel level.

The cumulative displacement map of GB-SAR after searching the solution space is
shown in Figure 10. Figure 10 shows that the distribution of cumulative displacement map
before and after geocoding is consistent, and there is no mutation. Combined with the
ancillary interpretation of the 3D terrain model, the zero boundary of the accumulative
displacement coincides with the boundary of the glacier bedrock’s polished surface with
high SNR. The boundary between the bedrock and glacier is notable, which is consistent
with the local geographic environment. A good geocoding effect was achieved, as shown in
Figure 10a. The pixels in the area outside the DSM were eliminated because the minimum
Euclidian distance solution space search exceeded the set threshold (Figure 10b). Thus,
this method is only applicable if the target monitoring area has an external ancillary data
coverage. Based on the different accuracies of the geographic dataset, external ancillary
data that can be used to calculate the distance and azimuth values include but are not
limited to the DSM, DEM, digital terrain model (DTM), digital line graphic (DLG) with
contour, and point cloud generated by 3D laser scanning or a LIDAR system.
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Figure 10. Geocoding result of the GB-SAR cumulative displacement. (a) Based on the superim-
position on the GB-SAR cumulative displacement geocoding result of the 3D terrain model, the
displacement value of the polished surface of the bedrock on the southern slope of the glacier is
almost zero and the boundary is notable, which is consistent with the local geographic environment.
(b) Distribution map of the GB-SAR result geocoded to the DSM. The area outside the DSM cannot be
effectively geocoded because the distance cannot be calculated. The method proposed in this paper
must be supported by 3D ancillary data in the target monitoring area, such as DSM and DEM data.

5. Discussion
5.1. Discussion on GB-SAR Geocoding Results

The surface of Hailuogou Glacier is covered by massive moraine rocks. It has strong
backscattering characteristics and a high average reflection intensity. It is difficult to
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effectively identify and measure the radar images using the traditional method of placing
CRs on the surface of the glacier as GCPs. Thus, accurate geocoding is difficult. The
geocoding method used in this paper, that is, searching the solution space, can be realized
by reducing the GB-SAR deployment position to the local 3D coordinate system frame
using the control survey. It is not necessary to deploy CRs in the monitoring area and a
highly accurate GB-SAR geocoding result can be realized.

Based on the analysis of the details of the geocoding results in the experiment
(Figure 11), the area including the lower part of the landslide body, which is tangent to the
glacier, significantly collapses. The GB-SAR geocoding results show notable boundaries in
this area (Figure 11c). Based on the interpretation of the superimposed 3D terrain model,
a backslope terrace has formed in the collapsed area at the lower edge of the landslide,
which is invisible to GB-SAR due to the melting of the glacier. Therefore, this area cannot
be effectively geocoded, which is consistent with the actual geographic condition of the
area (Figure 11e). Similarly, there is no effective backscattering of radar waves on the water
surface in the area including the glacial lake under the GB-SAR station because of the radar
imaging mechanism, the GB-SAR system cannot effectively image in this area, resulting
in data holes. Thus, there is no effective geocoding coverage, and the geocoding results
around the glacial lake have notable boundaries (Figure 11f). Based on the combination
of these results with the auxiliary analysis of the 3D terrain model of this area, the other
uncoded regions of the block are also the areas that cannot be reached by the GB-SAR LOS
due to terrain undulations. The geocoding results of this area conform to the GB-SAR
imaging mechanism and local terrain.

mm
3000

3.2728

2000

3.2724

1000

3272

N (m)
3.2716

3.2712

3.2708

-3000

4972 4.976 4.98 4.984 4.988

5 ~<JW% Line of sight
E (m) x10

Figure 11. Map of the GB-SAR geocoding results including superimposed DOM image data. (a) The GB-SAR location and
information about its environment. (b) Geographic environment information near the dividing line with a cumulative
displacement of 0 mm. The area with a cumulative displacement of 0 mm is mainly the glacial polish. The lower part
includes the Hailuogou Glacier covered by a large amount of surface moraine. (c—e) Local details of the area marked by the
rectangular box A in the main figure, that is, the geocoding results of the superimposed DOM, superimposed DSM, and 3D
terrain model, respectively. Similarly, (f-h) and (i-k) represent the geocoding results of the area marked by the rectangular
boxes B and C, respectively. Based on the comparison and interpretation of the local enlarged details of the DOM, DSM,
and 3D terrain model superimposed in the three regions A, B, and C, the uncoded areas are mainly concentrated in the
backslope, glacial lake, and invisible valley, which conforms to the GB-SAR imaging mechanism and local geographic
conditions. The geocoding effect is satisfactory.
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The geocoding results of the glacier and its southern side slope far away from the
LOS of GB-SAR show that the geocoding results have no effective surface deformation
coverage in valley areas that were formed by the glacier and the side slope. Based on the
deformation geocoding results and the 3D terrain model, the main reason is the lack of
effective backscattering due to the invisible LOS of GB-SAR. However, the deformation
area near the center of the glacier is not effectively geocoded or there are few geocoding
points, which may be related to the spatial decorrelation of the phase caused by the rapid
movement of the middle part of the glacier, as shown in area “D” in Figure 11. In addition,
we identified several areas with negative displacement values on the side slope body, such
as area “C,” which move toward to the radar sensor and slide downward. The field survey
image (Figure 11b) indicates a downward sliding surface debris flow in the side slope area,
which is consistent with the actual geographic environment.

Based on the above-mentioned analysis, the GB-SAR geocoding results are highly
consistent with the average power map and cumulative displacement distribution map of
GB-SAR. Uncoded areas are mainly concentrated in the invisible backslopes, glacial lakes
without effective backscattering, and invisible valley terrain. The results of geocoding are
in accordance with the radar imaging mechanism and local geographic conditions, which
verifies the effectiveness and universality of the solution space search geocoding method
proposed in this paper.

5.2. Assessment of the Geocoding Accuracy

As the pixels beyond the scope of DSM cannot be used to solve the 3D spatial distance
and effective distance solution space matching cannot be carried out, the values outside
the monitoring range should be discarded, and only GB-SAR image pixels within the DSM
range should be geocoded.

To verify the accuracy of the solution space search geocoding method, we decomposed
the geocoded 3D local coordinates into the GB-SAR image coordinate system and obtained
the distribution of the 3D local coordinate system coordinate components of E, N, Z in the
radar coordinate system, as shown in Figure 12. Figure 12b,c shows that the coordinate
values of each component of E and N are uniformly distributed, smooth, and lack a saltus
step in the radar coordinate system G-XY, indicating that the GB-SAR geocoding plane
position is accurate. The components of the Z coordinate axis in Figure 12d are consistent
with the DSM; that is, the geocoding results have a high logical accuracy in elevation. The
GB-SAR pixels correspond to the pixels in the 3D local coordinate system and no logic error
occurs, confirming the accuracy of the solution space search geocoding method proposed
in this paper.

The azimuth and range errors of each pixel in the GB-SAR image during geocoding
were calculated. Their distributions are shown in Figure 13. The geocoding error of the GB-
SAR image is a standard normal distribution in the radar azimuth direction and uniform
distribution in the range direction, which is related to the imaging mechanism of the radar
image. This implies that the range resolution in the radar coordinate system is a fixed value
and the azimuth resolution is radian. With the increase in the distance, the radar pixel
size gradually increases in the azimuth direction and the pixel resolution decreases. The
basic logic of the solution space search method proposed in this study is azimuth angle
matching, followed by minimum Euclidean distance matching of the radar pixels in the
range direction. If the range matching in the azimuth direction in ineffective, a distance
solution space search is carried out within the angle threshold range set in the azimuth
direction. Therefore, most of the matching pixels are close to the azimuth angle center
line near the 0° value of the azimuth error. As a result, the geocoding error of GB-SAR
presents a normal distribution in the azimuth direction, as shown in Figure 13b. As the
range resolution of the GB-SAR is fixed and the ground surface of the monitoring area is
continuous but uneven, the range solutions in the range direction are matched within the
set threshold range, forming a uniform distribution, as shown in Figure 13d. Based on the
error distribution, the geocoding pixel position errors in this paper are all smaller than the
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single-pixel resolution and the matching accuracy is at the subpixel level. This proves that
the solution space search geocoding method has a high geocoding accuracy.
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Figure 12. Distribution of the 3D local coordinate system components in the radar coordinate system.
(a) Original GB-SAR monitoring results. (b) Distribution of the east component of the 3D coordinate
system in the radar coordinate system. (c) Distribution of the north component of the 3D coordinate
system in the radar coordinate system. (d) Distribution of the Z-direction component of the 3D
coordinate system in radar coordinate system.

5.3. Landslide Migration Mechanism

Based on the combination of the chart data obtained from continuous GB-SAR moni-
toring and the field investigation of the landslide area, the movement of the LGJT landslide
on the Hailuogou Glacier can be inferred. On one hand, owing to the loose soil and rocks
on the lateral moraine of Hailuogou Glacier, the thinning of the glacier will lead to the
decrease of the sliding resistance section at the lower edge of the landslide mass in the
beginning of annual ablation period. The lower part of the landslide significantly collapses,
forming a notable collapse terrace, which leads to the increase of the slope free height
and the decrease of the overall anti sliding force of landslide mass [24] (Figure 11c,e). On
the other hand, the eastward tangential movement of the glacier at the lower edge of the
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landslide has a strong traction effect on the erosion of the lower part of the landslide and the
abundant rainfall in the area promotes the aggravation of the landslide movement [45-47].
Based on this information, we can conclude that the migration mechanism of the LGJT
landslide is retrogressive movement [39,48], that is, the lower part of the landslide first
slides under the traction of the glacier, causing the upper part to lose support, deform,
and slide. While sliding down, the landslide’s main body further squeezes the edge of the
glacier under the action of gravity, changing the flow direction of the glacier in this area.
This leads to the positive accumulated displacement value of GB-SAR in the glacier area at
the lower edge of the landslide. However, when it reaches the middle of the glacier, the
stress gradually decreases and positive value gradually changes to a negative value in the
way of moving close to the GB-SAR sensor center.

This monitoring experiment shows that the high spatiotemporal resolution of the GB-
SAR monitoring system directly reflects the cumulative displacement distribution between
the landslide mass and its tangent glacier. Based on the combination of the monitoring chart
data and information about the local geographic environment, the migration mechanism
of the landslide body can be well explained.
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Figure 13. Distribution charts of geocoding error: (a) distribution of azimuth error, (b) histogram of
azimuth error distribution, (c) distribution of range error, and (d) histogram of range error distribution.

6. Conclusions

In this study, the high-resolution DSM obtained by UAV aerial photogrammetry
was used to establish a high-accuracy coordinate transformation model of GB-SAR. A
high-accuracy geocoding method for GB-SAR based on searching the solution space was
proposed, and the coordinate conversion of radar image from 2D plane coordinate system
to the local 3D coordinate system was realized. By applying this method to LGJT landslide
monitoring experiment on Hailuogou Glacier, the effectiveness was verified by contrastive
interpretation and the logical accuracy and accuracy indicators were assessed by quantita-
tive analysis. Finally, a subpixel geocoding accuracy was realized. Based on the geocoding
method proposed in this paper, the GB-SAR monitoring system can accurately monitor and
interpret the movement of landslides, providing important data and decision support for
the monitoring and early warning of high-risk landslides and related geological disasters.

The geocoding method proposed in this study has several limitations. For the geocod-
ing of the target monitoring area, external 3D ancillary data coverage is required such as
DSM data (the radar center can be outside of the DSM, only its coordinates and azimuth
angle must be measured). In addition, the GB-SAR center and DSM must be in a unified
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coordinate system to effectively search and match the distance solution space. Therefore,
the geocoding method proposed in this study should be supported by spatial data acquired
by UAV aerial photogrammetry or LiDAR surveys to obtain the highest geocoding accuracy
and best interpretation of the GB-SAR monitoring results.
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Abstract: Remote sensing-based ground fissure extraction techniques (e.g., image classification, im-
age segmentation, feature extraction) are widely used to monitor geological hazards and large-scale
artificial engineering projects such as bridges, dams, highways, and tunnels. However, conventional
technologies cannot be applied in loess areas due to their complex terrain, diverse textural informa-
tion, and diffuse ground target boundaries, leading to the extraction of many false ground fissure
targets. To rapidly and accurately acquire ground fissures in the loess areas, this study proposes a
data processing scheme to detect loess ground fissure spatial distributions using unmanned aerial
vehicle (UAV) images. Firstly, the matched filter (MF) algorithm and the first-order derivative of the
Gaussian (FDOG) algorithm were used for image convolution. A new method was then developed
to generate the response matrices of the convolution with normalization, instead of the sensitivity
correction parameter, which can effectively extract initial ground fissure candidates. Directions, the
number of MF/FDOG templates, and the efficiency of the algorithm are comprehensively considerate
to conclude the suitable scheme of parameters. The random forest (RF) algorithm was employed for
the step of the image classification to create mask files for removing non-ground-fissure features. In
the next step, the hit-or-miss transform algorithm and filtering algorithm in mathematical morphol-
ogy is used to connect discontinuous ground fissures and remove pixel sets with areas much smaller
than those of the ground fissures, resulting in a final binary ground fissure image. The experimental
results demonstrate that the proposed scheme can adequately address the inability of conventional
methods to accurately extract ground fissures due to plentiful edge information and diverse textures,
thereby obtaining precise results of small ground fissures from high-resolution images of loess areas.

Keywords: ground fissure extraction; loess landform; modified MF-FDOG algorithm; RF algorithm;
UAV image

1. Introduction

Loess is a yellow silt quaternary deposit transported by the wind; the most typical
loess area in the world is the Loess Plateau in China. Loess is well developed in the
He'nan, Shanxi, and Gansu provinces near the middle basin of the Yellow River, which
has been gradually transformed into representative loess landform areas by the power of
water, gravity, and the wind [1]. Loess landforms are typically divided into gully, erosion,
and valley landscapes, the latter of which are prone to major geohazards such as floods,
collapses, and landslides, which threaten human life [1,2]. Ground fissures are the most
typical representative of the instability of loess sediments. It may be caused by natural
or human-made factors, which will cause damage to buildings and other structures on
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the ground and endanger people’s lives [3]. In addition, it also seriously threatens the
safe operation of high-speed railways, highways and other transportation networks [4,5].
Therefore, it is necessary to monitor these geological dynamics effectively. As mentioned in
previous studies [6], a useful way to monitor such geohazards is to extract ground fissure
information from loess areas using unmanned aerial vehicle (UAV) images.

Ground fissures, which exhibit dark and linear characteristics in aerial images, are a
typical feature of loess areas. Many computer vision methods are used to extract linear
targets, such as pixel-oriented edge extraction [7,8], object-oriented feature extraction [9],
and LiDAR [10]. Edge extraction operators based on computer vision are particularly
popular. Methods based on edge extraction operators are typically divided into two
categories: first-order derivative methods and second-order derivative methods [11]. The
edge in the images is the pixel sets covering sharp grayscale changes, whose trend can
be represented by the first-order derivative function. The greater the value of the first-
order derivative function, the more likely the pixel is to be marked as an edge indicator.
Frequently used first-order derivative functions include the Roberts operator [12], Sobel
operator [13], Prewitt operator [14], and Canny operator [11]. With all these operators,
an appropriate threshold is selected after the convolution to the segment the image and
extract the edge information; however, the arbitrary threshold used in image segmentation
has a substantial impact on the final results of fissure extraction.

Therefore, second-order derivative methods were proposed to address this problem.
The essence of second-order derivative methods is to find the maximum position of local
gradient values calculated by the first-order derivative function (i.e., the local peak position
of the first-order derivative function); the value of this position in the second-order deriva-
tive function is zero. This position is therefore considered the ground fissure location of
interest. The Laplacian operator and LOG operator [15] are two typical second-order deriva-
tive strategies. Recently, the aforementioned edge detection operators, as well as other
improved operators [16,17], have been widely studied and applied to highway extraction,
bridge recognition, and tunnel and pipeline fissure detection [18-21].

Although edge extraction operators based on pixel grayscale change detection can
extract ground fissures from high-resolution UAV images, one primary limitation is their
applicability to different types of ground fissure. Firstly, these operators only detect the
outer edges of the ground fissure and not the fissure itself when the fissure is treated as
a planar target. Secondly, they are not sensitive to pixels with a small grayscale gradient.
Moreover, broken soil, pits, withered grass, snow, and ice (in winter) are often widely
distributed in loess areas [22], whose edges are commonly recognized as ground fissures
by the above methods because of their rich textural information.

In the medical field, blood vessels in retina images scanned by computed tomography
(CT) present a similar shape and hue to ground fissures. Using the spatial attributes of
blood vessels in CT images, Chaudhuri et al. [23] successfully recognized blood vessels
with the matched filter (MF) algorithm. When the vertical profile of a blood vessel is drawn
as a graph, its distribution curve is similar to that of an inverted Gaussian distribution.
Therefore, the use of a convolution operation with the available inverted Gaussian template
can enhance the contrast between the blood vessels and the background, enabling the
CT image to be segmented by setting an appropriate grayscale threshold. However, the
MF algorithm cannot accurately distinguish blood vessel targets and blood vessel edges.
After matched filtering, the response signals of blood vessels and their edges showed
similar patterns but different strengths. To address this issue, Zhang et al. [24] proposed the
combined matched filter and first-order derivative of the Gaussian (MF-FDOG) algorithm
to improve the accuracy of blood vessel extraction. In 2013, Stumpf et al. [25] successfully
applied the MF-FDOG algorithm to investigate ground fissures before landslides due to
the similarity of their vertical profile compared to blood vessels. By analyzing the results
of ground fissure extracted for different periods, they were able to predict the orientation
and extent of the landslide.
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Nevertheless, the scheme proposed by Stumpf et al. [25] has some limitations regard-
ing its practical application. In loess areas, vegetation often appears as linear targets in
images; i.e., its spectral curve does not always satisfy the normal spectral curve pattern
of green vegetation. As a result, traditional vegetation index methods are not capable
of removing vegetation that is incorrectly detected as ground fissures. Moreover, the
sensitivity correction parameter in the MF-FDOG algorithm is indeterminate and not in
the range from 3 to 4 for different UAV images. In addition, the optimal direction number
of the convolution template is not considered and it can reduce the accuracy and efficiency
of the algorithm. Therefore, to overcome these shortcomings of the MF-FDOG algorithm,
we propose an advanced processing scheme for ground fissure extraction using different
UAV images.

2. Methodology of Ground Fissure Extraction
2.1. Modified MF-FDOG Algorithm for Ground Fissure Extraction

The MF-FDOG algorithm comprises the MF algorithm and the FDOG algorithm. The
MF [26] algorithm was initially applied in the digital signal processing field to detect
whether a complex signal contains a simple known signal [27,28]. As a digital image is one
type of digital signal; thus, methods used in the digital signal field can be used for digital
image processing.

In terms of the structure (e.g., width, length, shape) of ground fissures in different
images, we can expand a one-dimensional template to two-dimensional space. Then, using
the two-dimensional template. The function of the template is as follows:

MF=g(xy;0) =4 oo x| <30 lyl < L/2 @

where x and y denote variables along the horizontal and vertical directions of the two-
dimensional template, respectively; and ¢ denotes the standard deviation of the inverted
Gaussian distribution. In a Gaussian distribution, the probability that variable x lies in the
range of [—30, 30] is up to 99.7%, and the vertical profile of ground fissures is similar to an
inverted Gaussian distribution (Figure 1). Therefore, it is reasonable to select this interval
as the range of variable x. In other words, the width of the ground fissure is 6. Moreover,
L denotes the minimum length of the ground fissure and m denotes the mean template. In
computer memory, continuous digital image signals have a regular digital matrix format.
Therefore, m is represented by

m=Y"Ki(x,y)/N, (2
ieN

where K; represents the response after MF processing at position (x,y) and N represents
the size of the two-dimensional template.
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Figure 1. (a) Photograph and (b) pixel value distribution (red line shows the fitting curve) of ground
fissures in loess areas.

FDOG [24] refers to the first-order derivative function of the Gaussian function, then
expands it to a two-dimensional filter template. The template is established in the same
way as that of the MF template. The FDOG function is represented by

= = _exp(-bE
V1= Vamo? P\ 7207 )
FDOG =g(x,y;0) =¢  ------ |x| <3c,|y] <L/2, 3)

x?

Yn = Janed eXp(—ﬁ

where all parameters are the same as those in Equation (1). Figure 2a,b show examples of
the three-dimensional diagram about the MF template and FDOG template, respectively.
The parameters of both templates are set to ¢ = 1.5, L = 9.0, and 6 = 90° (i.e., the template is
along the vertical direction).

Signal

(a) 3D template of MF filter (b) 3D template of FDOG filter

Figure 2. (a,b) are templates of MF and FODG filters, respectively (parameters: o = 1.5, L = 9.0,
6 =90°).

The orientation and distribution of ground fissures are arbitrary. Thus, we must
process images with the optimal direction number of templates to ensure that all ground
fissures are detected. In experiments, the template direction number will have a strong
effect on the sensitivity and accuracy of the modified MF-FDOG algorithm; however,
ground fissures are a linear target, which means that they can be regarded as a straight line
with an anti-parallel characteristic in a local area [29]. Therefore, we only need to create a
template with directions of 0°-180° in two-dimensional space. To create these templates
with different directions, the central pixel of the templates is set as the origin (0, 0) of the
coordinate system. We must decide how many directions, N, we want in the 180° space.
Then, the angular interval of direction 6, is calculated using Equation (4). The rotation
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angle, 6;, between the direction of the template and the x axis (see Figure 3) and the rotation
matrix r; are represented by Equations (5) and (6), respectively:

;= 180° = N, @
0= 1 X Opnt, ®)

| cost —sinb;
e { sinf;  cosb; } ©

Figure 3. Illustration of the template direction.

Through rotation, we can obtain a group of MF and FDOG templates. The template
direction corresponding to the maximum response is taken as the direction of ground
fissures in the processed images. The derived maximum response represents the result of
the MF operation at the current pixel location. The angle corresponding to this response
represents the orientation angle of the ground fissures. The function for selecting the
template angle is defined as

Brias(y) = urgmux(I(xly) ®MF91.), 0<6;<m @)

where 6,4, (x,,) denotes the angle corresponding to the maximum response obtained by
convolving an image with n MF templates processing different directions; I, ) represents
the UAV image; MFy, denotes the template with the rotation angle 6;; and @ denotes
convolution operation.

For ground fissure extraction, the difference between the MF response matrix and
the FDOG response matrix must be calculated. Before this step, to reduce the probability
of false ground fissure extraction, [25] suggested implementing some special procedures:
(1) after convolution by the MF template, all negative responses should be set to zero; (2)
for the FDOG response matrix, a mean filter should be performed before calculating the
absolute value for all responses. The two steps are represented by

Riyy) = (I(x,y) ®MF91W(XVW) >0 ®)
Disy) = |lixy) @ FDOG, ., @ M| ©
where R, ) and D, ,) denote the response matrices obtained by convolution of the

MEF and FDOG templates, respectively; MFy ) and FDOGy, 9) denote the template

max(x,y

(
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corresponding to the maximum response of the convolution operation in n different
directions, and M denotes the template of the mean filter, whose value is set to 60 [24].
Additionally, the mean filter not only reduces noise and smooths the image, but also
expands the width of D, ,y. To do this, the differential signals are enhanced.

The results indicate that it is difficult to directly differentiate between R, ;) and D, )
matrices because their ranges are substantially different. Therefore, a sensitivity correction
parameter should be used to correct their ranges. In [25], the empirical ranges of the
parameter are between 3 and 4. However, the ranges of R< %) and D(W), do not satisfy the
linear relationship shown by ground fissure extraction experiments using different images.
Therefore, there is a limitation of using the sensitivity correction parameter to correct their
ranges. In this study, we propose a solution to normalize the range of R, ;) and D, ,) by a
linear stretching method. Their difference is then calculated as

R,

= R0 a0

22 xY)

where sz) and sz/y) indicate the response matrices of R(, ;) and D, ) stretched into
[0,1], respectively.

Figure 4 is the frequency histogram of the m matrix, which exhibits a Gaussian
distribution. Generally, ground fissures are small targets in UAV images, whose area
is far less than that of the loess, vegetation, and other ground targets. Ground fissure
signals show a strong response after the modified MF-FDOG convolution operation. It is
reasonable to choose a threshold T, according to the mean and standard deviation of R,
to segment the image using (11) and (12). Then, pixels with values greater than T can be
considered ground fissure locations. Finally, ground fissure candidates can be extracted
from the images; i.e., locations with Fyqp = 1:

=y (12)

Ry = T, Fuugp=1
R(x,y)< T, Fmap: 0

Frequency
[o)}

0 I ' I I I
-1.0 -08 -0.6 -04 -02 0.0 02 04 0.6 08 1.0

R

Figure 4. Frequency histogram of R, ).
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In Equations (11) and (12), yig denotes the mean of R, ,); og denotes the standard
deviation of W; T denotes the threshold selected for image segmentation; and Fyap
denotes the final result the ground fissure extraction.

For a better description of the modified MF-FDOG algorithm, we present a simulation
experiment. The simulated signals of the ground fissure and edges, as well as the results of
the modified ME-FDOG algorithm, are shown in Figure 5. Both the ground fissure and edge
signals are dramatically enhanced by the MF convolution operation. However, the ground
fissure information obtained by FDOG convolution shows the exact opposite response
from that of MF convolution. As the response signals of edges are stronger than those of
ground fissures, these two targets can be clearly distinguished by mean filter processing.
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Figure 5. Analog signals of ground fissures and edges (modified from Stumpf et al. 2013): (a) analog
signals of linear features; (b) response value of MF signals; (c) response value of FDOG signals; and
(d) differential value of MF-FDOG signals.

High-resolution UAV images contain copious features, representing complex and
diverse textures; this increases the difficulty of ground fissure identification, as these
textures can be mistaken for ground fissures. Therefore, it is inevitable that multiple false
ground fissure results will result from modified MF-FDOG processing. These false results
must be removed. In this study, a “non-ground fissure removal” method based on random
forest (RF) classification was introduced to improve the ground fissure results obtained
using the modified MF-FDOG algorithm.

2.2. RF Classification in Loess Landform Areas

In this study, the RF algorithm was utilized to identify different ground targets (e.g.,
withered vegetation, snow, and bare soil). Vegetation indexes are common methods for
extracting green vegetation from true color images [30,31]; however, they cannot extract
withered vegetation [32]. Feng et al. [33] proved that the RF algorithm using both gray
and texture information is better than other classification methods such as vegetation
indexes, the nearest distance method, and the object-oriented method in urban vegetation
cartography using true color images. In our experiment, the RF algorithm was used to
remove “non-ground fissure” targets, such as snow and vegetation.
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3. Post-Processing of Ground Fissure Extraction
3.1. Ground Fissure Connection

The modified MF-FDOG algorithm and the RF algorithm are operations based on
pixels instead of objects. The grayscale values of ground fissures in the image often change
unevenly at different positions. Linear targets (e.g., ground fissures) will inevitably become
discontinuous after template convolution, resulting in small gaps along the linear targets.
To eliminate small gaps distributed along the ground fissure candidates, the hit-or-miss
transform [34] was adopted in our experiment. This method can connect broken targets
within a small gap distance according to complementary templates M; Mjand M;, which
are termed the “hit template” and “miss template,”, respectively. The central pixel of a
patch that satisfies the conditions of both the “hit template” and “miss template” is used
for further processing.

For the UAV images used in our study, we propose that gaps of no more than one-pixel
length in a four-connected field (first sub-figure in Figure 6) should be connected. Therefore,
the 3 x 3 template is built in the hit-or-miss transform. The pixel value for the foreground is
set to 1, whereas the pixel value for the background is set to 0 (third sub-figure in Figure 7).
Figure 7a (1)—~(12) show cases with a pixel gap and (13)-(16) show cases that only satisfy the
diagonal condition in an eight-connected field (second sub-figure in Figure 6). All “miss
templates” are shown in Figure 7b. It should be noted that all “hit templates” and “miss
templates” follow a corresponding one-to-one relationship.

R R @ Central pixel
4__¢__> Pz %IN Y Value 1
\ v |:| Value 0

4 connected 8 connected  Hit template
field field

Figure 6. Illustration of connected fields and hit templates.
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Figure 7. Hit templates and miss templates((a) and (b) represent all cases of hit template and miss
template respectively).

In the process of gap elimination, the “hit template” is used to match the images
pixel by pixel. A case is determined as a “hit” if the distribution of pixels within the
coverage of the “hit template” is the same as the “hit template” itself in the binary image.
Similarly, a case is termed a “miss” when the distribution of pixels within the coverage of
the “miss template” is the same as the “miss template.” “Hit” and “miss,” which detect
the position of the pixels of interest, are the key points of this method. To improve the
efficiency of the calculation, the procedures of hit-or-miss transform are changed according
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to the mathematical morphology. The original binary image, I;, is eroded by the “hit”
template. Meanwhile, the complementary binary image I, caused by I; is eroded by the
“miss template.” The pixel intersection of I, and I; is the final result. The flow chart is
shown in Figure 8. The results from the hit-or-miss transform are shown in Figure 9a,b.

Hit template

Binary image I, Erosion image E,

Intersection
I image

Complementary ,’ Erosion image E,
image I,

Miss template

Figure 8. Flow chart of hit-or-miss transform.
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Figure 9. Results of hit-or-miss transform and fragment removal.

It is noted that the length of the used template is typically odd; thus, the central pixel
can be chosen as the target pixel. However, a non-central pixel can also be chosen as the
target pixel. In some special cases, the length of the template can be set as even. Moreover, it
is unnecessary that the “hit” template and “miss” template are completely complementary
for each pixel when they are built (see Figure 7a,b), provided that the pixels set to one do
not overlap each other.

3.2. Fragment Removal from the Ground Fissure Candidates

Among the ground fissure candidate sets, there are some discrete pixels (or small sets
of pixels), whose area is far less than the area of the ground fissure. To improve the results,
these small patches must be removed. After connecting the disconnected ground fissure
sections, these patches should be deleted if they contain three or fewer pixels that satisfy
the relationship of the eight-connected field in the range of 3 x 3 (Figure 9¢,d).

4. Application of the Ground Fissure Extraction Scheme to the Study Area
4.1. Introduction of the Ground Fissure Extraction Scheme

In this study, we propose an advanced scheme of ground fissure extraction based
on UAV images according to typical feature information in loess areas, which involves
image acquisition, image preprocessing, ground fissure candidate extraction, removing
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“non-ground fissures” and accuracy assessment of linear targets. The principle procedures
are summarized in the following steps:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Image acquisition. According to the survey results, the appropriate UAV is selected
to obtain the images of the study area. Before flight, the terrain, wind direction and
other factors should be considered, and the appropriate flight parameter and the
position of the control points should be set. After flight, RTK equipment is used
to obtain the coordinates of control points. If image quality is low in some areas,
much flight time is added in order to improve the image quality.

Image pre-processing. Firstly, the lens parameters will be imported into PixelGrid
software to correct the distortion of the original image, in order to reduce the
systematic error caused by the lens. After importing the control point data, the
geometric correction of images will be processed by PixelGrid software, and the
resampling method of three convolutions is selected to ensure the image accuracy.
Then, the accuracy evaluation method of PixelGrid will be automatically carried
out. Finally, the appropriate filtering and histogram matching method is used to
enhance images for conveniently extracting ground fissure.

Extraction of ground fissure candidates with the modified MF-FDOG algorithm.
According to information obtained from surveying and image analysis, the pro-
gram is run with suitable parameter settings (i.e., the optimal 7, L, and 60 values) to
obtain ground fissure candidates.

“Non-ground fissure” target removal. Banded vegetation, edges of remaining snow
and shadows from micro-topography will result in several “non-ground fissure”
targets in the candidates extracted by step 2. Additionally, UAV images only
include red, green, and blue bands. It is difficult to completely remove vegetation
targets with such limited spectral information from the candidates. However, the
inherent textural features of vegetation are valuable for vegetation information
extraction, which is used to eliminate vegetation-induced false ground fissures.
Therefore, the RF algorithm is used to classify the images based on both textural
and spectral information. Then, the different categories, such as vegetation, are
used to create mask files. Applying the mask files to the ground fissure candidate
image can exclude non-ground fissure targets and improve the accuracy of ground
fissure extraction. Finally, a binary image of the ground fissure is derived.
Post-processing. The modified MF-FDOG algorithm is an image processing method
based on single pixels. Therefore, the obtained binary image of ground fissures
inevitably contains many small gaps and pixel sets whose areas are far less than
that of the corresponding true ground fissures. To achieve more accurate results,
mathematical morphology was employed to connect broken ground fissures and
remove these scattered pixels.

Accuracy assessment. In our study, an image classification method was used to
identify non-ground fissure targets. The accuracy of image classification signifi-
cantly affects the final results; thus, the Kappa coefficient and confusion matrix
were used to evaluate RF classification accuracy in this study. In addition, the
receiver operating characteristic curve (ROC) was used to evaluate the results of
ground fissure extraction [35].

4.2. Study Area and Data Source

A mountain over a tunnel in Qinghai province and a mining area in Gansu province
were selected as the study areas to represent typical developing loess landforms (red
five-pointed stars in Figure 10). Due to the instability of loess units, as well as other natural
and anthropogenic factors, ground fissures are a very common geological phenomenon.
These two areas predominantly comprise very complex mountainous terrain. The exposed
loess surface is unstable because of its typical semi-arid climate and small forest coverage.
To prevent soil erosion, the local inhabitants have planted banded vegetation and trees on
the mountain.
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Figure 10. Image of the locations of the two study areas, accessed on 7 May 2018 (http://www.91
weitu.com/).

True color images of the tunnel area and mining area were obtained at approximately
13:00 on 25 March 2015, and 09:00 on 18 November 2016, respectively. The former was
acquired by a small fixed-wing UAV oblique photography platform (Figure 11a, come from
Third Aerial Survey and Remote Sensing Institute of the Ministry of Natural Resources,
Chengdu, China) and covers a larger area around the tunnel. The latter was acquired by
a small four-rotor UAV platform (Figure 11b) and covers a small area around the mining
area. The detailed attributes of the two platforms are listed in Table 1.

Figure 11. Equipment used for image acquisition ((a) is a homemade UAV that comes from the Third Aerial Survey and
Remote Sensing Institute of the Ministry of Natural Resources; (b) is Phantom 4 Pro comes from SZ DJI Technology Co., Ltd.).

Table 1. Parameters of the UAV equipment.

Tunnel Area Mining Area

Model SONY DSC-RX1 PHANTOM4

Properties of sensor Resolution (dpi) 6000 x 4000 4000 x 2250
P Effective focal length (mm) 35 20

Photoreceptor size (mm) 35.8 x 23.9 254 x 254
Flight height (m) 3000 150
UAV platform Flight speed (km/h) 90-120 72
Payload (kg) 3-5 -

In our experiment, the computer with a CPU model Intel (R) Core (TM) i5-2450M
was used for data processing. The frequency of the CPU is 2.5 GHz, and the memory
of the computer is 4 GB. The modified MF-FDOG algorithm was developed by C/C++
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programming language based on Visual Studio 2013. PixelGrid software was used to
preprocess the raw images. For the RF algorithm, the EnMAP-Box2.1.1 software (Earth
Observation Center of DLR. German: EnMap Box) was used.

For the tunnel area (Figure 12), the coverage of the image was 5 km x 2 km, with an
elevation of 1930-2500 m. According to the field investigation, there are a large number
of ground fissures, loess craters, remaining snow, and withered grasses in the mountain
areas. The maximum width of ground fissures is no more than 30 cm: however, the
depth is up to 120 cm. Some ground fissures are covered by broken soil after a period
of weathering and snow melting. The coverage of the mining area (Figure 13), which
is less than that of the tunnel area, is predominantly composed of bare soil, withered
grass, ground fissures, and artificial structures. As shown in Table 1, the flight altitude of
PHANTOM4 is approximately 150 m. Therefore, we can obtain high-resolution images in
which the ground fissures can be clearly recognized.

Figure 12. Experimental images of mountains covering the tunnel (the two local areas marked by the
rectangles I-1I were selected for ground fissure extraction).

Figure 13. Experimental images of the mining area (the two local areas marked by the rectangles
III-IV were selected for ground fissure extraction).

To improve the efficiency of the data processing, we selected and cropped small sub-
sections from the complete images (LILIII, and IV in Figures 12 and 13). All previously
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described typical objects were found in these patches; thus, they were deemed highly
representative for testing the proposed ground fissure extraction scheme.

5. Ground Fissure Extraction Results and Analysis in a Loess Area
5.1. Selection of Parameter o and Direction Number in the Template

As described in Section 2.1, the key aspect of the modified MF-FDOG algorithm is
the convolution operation using specific templates that are similar to the vertical profile of
ground fissures. After convolution, the contrast between ground fissures and other targets
will be enhanced. Thus, it is crucial to select an appropriate parameter, o, for fitting the
vertical profile of ground fissures. A previous study [25] noted that: (1) the parameter o
should increase as the image resolution is enhanced; (2) for a ground fissure in a single
image, the value of the detectable width will be larger as ¢ increases. Additionally, o
maintains good sensitivity to five times the optimal width of a ground fissure. Therefore,
parameter ¢ can be improved using the image resolution and the width of ground fissures
in the real scene, which is selected according to Table 2.

Table 2. Relationship between the image resolution and parameter ¢.

Resolution (m) 0.1 0.08 0.5
o (px) 0.67 0.75 1.34

Additionally, the template of the convolution operation is related to parameter ¢ and
the minimum length of the ground fissure, L. The two parameters define the width and
length of the template, respectively. An appropriate template can achieve a better effect
when the minimum length of the ground fissure is greater than or equal to L. Therefore, it
is necessary to select an optimal value of L according to the actual minimum length of the
ground fissure and effectively reduce the possibility of “non-ground fissure” targets in the
ground fissure extraction results.

Another important parameter of the modified ME-FDOG algorithm is the template
direction number. The direction of the ground fissure is arbitrary; thus, it is necessary to
process the entire image using a group of templates with different directions for detecting
ground fissures with unknown positions and directions. Multiple template directions
can be obtained by setting different angular intervals. For example, if six is selected as
the template direction number in the algorithm, the angular interval will be computed
by Equation (4). Generally, the larger the template direction number, the more accurate
the results.

The template direction number, N, is a crucial parameter that affects the performance
of the modified MF-FDOG algorithm in ground fissure extraction from two major aspects:
(1) the template direction number, which is related to the sensitivity of direction detection,
and the accuracy of ground fissure extraction. A larger direction number not only does
fail to improve the accuracy of ground fissure extraction, but also increases the redundancy.
Increasing N can even reduce the accuracy of ground fissure extraction. (2) Time consumed
in the modified ME-FDOG algorithm has a positive correlation with an increase of N. If we
reduce the template direction number, the efficiency of the algorithm will increase linearly.
However, the performance of sensitivity in the direction detection will decrease. Therefore, to
maintain high accuracy in ground fissure extraction, the template direction number should be
reduced as much as possible to improve the efficiency of the modified MF-FDOG algorithm.

To determine the relationship between the accuracy of the modified MF-FDOG algo-
rithm and the direction number of the template, we designed a specific experiment, which
can provide important insights into selecting the template direction number. Firstly, only
one group of templates is used to extract ground fissures with different widths from the
UAV image. To determine whether the template has the same directionality characteristics
as the ground fissures of different width, it is necessary to simulate two ground fissures
with different widths covering the full direction of 360° (Figure 14). The length and width
of the simulated images are 295 pixels. Secondly, we created eight groups of templates with
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different direction numbers, which have the same values of parameters ¢ and L. Finally,
the modified MF-FDOG convolution operation results are shown in Figures 15 and 16.

(a) Ground fissure with (b) Ground fissure with
smaller width larger width

Figure 14. Illustration of analog images: (a) small-width ground fissure; and (b) large-width
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ground fissure.

Figure 15. Modified MF-FDOG convolution results for the small-width ground fissure.
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Figure 16. Modified MF-FDOG convolution results for the large-width ground fissure.

To evaluate the accuracy of the results of the modified MF-FDOG algorithm, the results
of the visual interpretation were considered as accurate results of the ground fissures (i.e.,
expert maps). Following a comparison of the results of ground fissure extraction and the
expert maps, the number of ground fissure pixels that were correctly extracted is shown in
Table 3, where TP indicates true pixels, i.e., correctly extracted pixels. The statistical results
indicate that TP reaches a maximum when the direction number is 10. Furthermore, data
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fitting was conducted using the two result sets in Table 3 to demonstrate the relationship
between the accuracy of ground fissure extraction and the direction number of the template
(Figure 17a,b). The two fitted curves exhibit the same trend and achieve a peak value
around the position associated with direction number 10. It can be inferred that ground
fissures with different widths have no effect on the selection of template direction numbers.
In addition, the templates with 10 directions can achieve optimal results. It should be
noted that the direction in the modified MF-FDOG algorithm only uses even numbers;
therefore, 10 is selected to be the optimal direction number in our study. The relevant
angular interval is 18°.

Table 3. Statistics of true pixels for analog images.

Direction
TP 2 4 6 8 10 12 14 16
Small 908 1667 1708 1854 1979 1679 1788 1880
Large 1154 1938 2155 2267 2331 2054 2186 2132
2000 2400
e 5
1800 2200
/ 2000
1600
. o 1800 /
& 1400 &
/ 1600
1200 /
1400
1000 1200
Discrete data ®  Discrete data
Fitting curve Fitting curve
800 4 6 8 10 12 14 16 1000, 4 6 8 10 12 14 16
Directions Directions
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Figure 17. Fitted curve representing the relationship between template direction numbers and true ground fissure pixel
numbers obtained for smaller ground fissures (Figure 14a) and larger ground fissures (Figure 14b).

5.2. Results of Ground Fissure Extraction Based on Modified MF-FDOG Algorithm

Figure 12 (I and II) and Figure 13 (IIl and IV) show the original experimental images
of this study. After processing using the modified MF-FDOG algorithm, the results from
each step are shown in Figure 18a—c. The ground fissure candidates are presented as bright
white against a black background (Figure 18a). The candidate sets include “non-ground
fissure” targets, e.g., the edges of snow cover and withered grass.

The RF algorithm was used to identify these targets. The spectral information of
snow is most obvious due to its bright white spectral signature. However, it is difficult for
the RF algorithm to distinguish ground fissures and the boundaries between snow and
loess because they have similar vertical profiles. The use of a dilation operation in the
mathematical morphology for the boundaries can eliminate the effect of this phenomenon.
Specifically, we combined six types of textural information (mean, variance, homogeneity,
entropy, and second moment), which were created by a 7 x 7 co-occurrence matrix, as
well as the spectral information, to calculate the required parameters of the RF algorithm
by sample training. The samples should be a small polygon shape [36]. The results of
extracted vegetation and snow by the RF algorithm are shown in Figure 19 I-IV. Then, the
vegetation and snow-induced “false ground fissures” were excluded by mask files. The RF
algorithm was integrated into the EnMAP-Box software.
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(a) Results of ground fissure extraction based on
the modified MF-FDOG algorithm.

(b) Results of ground fissure extraction.

Figure 18. Cont.
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(c) Results of ground fissures superposed on
the original experimental images.

Figure 18. Results of experimental images of ground fissure extraction.
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Figure 19. Results of the RF algorithm: (a-d) are the classification results of RF for patch I-IV, respectively.
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For the RF classification results, overall accuracy [37] and Kappa coefficient [38] are
typically employed for the accuracy assessment. The assessment results for image patches
I, 1L, 111, and IV are listed in Table 4. According to the accuracy indices, all four groups
of RF classification results exhibit good precision. Moreover, the Kappa coefficients for
image patches II and III are higher than 90%, which further demonstrates the accuracy and
reliability of the RF algorithm. The accuracy of image patch I is lower because of the more
complex spectral and textural information in this area.

Table 4. User accuracy and producer accuracy.

I 1T I v
Overall accuracy /% 79.81 93.10 94.98 97.22
Kappa accuracy/% 73.55 90.89 89.57 96.01

Finally, the post-processing procedure introduced in Section 3 was conducted, and
the final results of ground fissure extraction were derived (Figure 18c I-IV). According to
the original image, the ground fissures in Figure 18a I do not satisfy the characteristics
of a linear distribution due to their complex and broken shape. Therefore, only a small
fraction of ground fissures with a discrete distribution were extracted. After applying the
RF algorithm, many error targets caused by shadows remain in the lower right corner of
Figure 18b II, along with correct ground fissures. In comparison, Figure 18b IILIV clearly
shows the distribution and shape of ground fissures. In order to better demonstrate the
effect of the modified MF-FDOG algorithm, the results of ground fissure extraction are
superposed on the original experimental image in Figure 18c.

5.3. Accuracy Analysis of the Modified MF-FDOG Algorithm

To evaluate the effectiveness and accuracy of the modified MF-FDOG algorithm
used in ground fissure extraction based on UAV images in a loess area, expert images
(Figure 20) of ground fissures were obtained by visual interpretation according to surveys
and previous experience. These expert images have sufficient precision for use as reference
images. Furthermore, three other traditional algorithms (e.g., Canny operator, image
segmentation, and SVM (support vector machine) algorithm) were used to extract ground
fissures. The results of these algorithms are shown in Figures 21-24, in which (a), (b),
(c) and (d) represent the results of the Canny operator, image segmentation, and the
SVM algorithm, respectively. The accuracy of the shapes marked A-H was analyzed in
this study.

Figure 20. Results of visual interpretation.
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(b) The result of image
segmentation

(d) The result of modified MF-

(c) The result of SVM algorithm FDOG algorithm

Figure 21. Comparison of ground fissure extraction in image patch I.

. 5 B
(b) The result of image
segmentation

(d) The result of modified MF-
FDOG algorithm

(c) The result of SVM algorithm

Figure 22. Comparison of ground fissure extraction in image patch II.
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(b) The result of image

(a) The result of Canny operator .
segmentation

(d) The result of modified MF-

(c) The result of SVM algorithm FDOG algorithm

Figure 23. Comparison of ground fissure extraction in image patch III.

(a) The result of Canny operator (b) The result of image segmentation

\

d) The result of modified MF-FDOG
algorithm

Figure 24. Comparison of ground fissure extraction in image patch IV.

The Canny operator, which is only sensitive to edge information in the image, can
extract many edge targets. However, it also contains many “non-ground fissures” (e.g., the
snow marked by shape B in Figure 21a and the shadow marked by shape D in Figure 22a.
In addition, the Canny operator cannot efficiently extract ground fissures with blurred
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edges (e.g., the ground fissures marked by shapes A in Figure 21a and C in Figure 22a). A
key characteristic of the Canny operator for ground fissure extraction is that the majority of
ground fissure edges are not completely closed; therefore, it is difficult to extract complete
ground fissures.

A crucial aspect of the image segmentation method is dividing the image grayscale
into many levels, which can be set to the same range or not. To do this, some objects in the
same grayscale level, such as shadows, are considered as ground fissures (as shown by the
area marked by shape B in Figure 21b and shape D in Figure 22b). Moreover, the ground
fissure results do not retain their clear linear features (see Figure 24b).

Grayscale information and textural information are the main classification bases of
the SVM algorithm, which exhibits a good ground fissure extraction result (as shown by
the area marked by shapes A-H in Figure 21c to Figure 24c). However, withered grass (see
shape B in Figure 21c), shadows caused by micro topography (see shape D in Figure 22c),
loess pits (see shape H in Figure 24c), and even loess close to ground fissures (see shape
A in Figure 21c) are wrongly extracted by the SVM algorithm without considering the
geometric information of ground fissures. For ground fissures with large variations in
width, the SVM algorithm exhibits good adaptability during extraction (as shown by the
areas marked by shape E in Figure 23c and shape G in Figure 24c).

In contrast to the above algorithms, the modified MF-FDOG algorithm is sensitive to
ground fissures with small and narrow features. The extraction results retain good ground
fissure geometry (as shown by shape A in Figure 21d, shape C in Figure 22d, and shape G
in Figure 24d). However, the modified MF-FDOG algorithm does not obtain a good result
if the ground fissures do not exhibit a linear distribution in the local area (see shape E in
Figure 23d).

5.4. Accuracy Assessment of the Different Ground Fissure Extraction Algorithms
5.4.1. Self-Assessment of the Modified MF-FDOG Algorithm

To evaluate the results of ground fissure extraction, the ROC was used for the accuracy
assessment. The ROC was initially applied in the medical field to evaluate the performance
of feature extraction methods. The first application of the ROC in machine learning was
in 1889 [35]. For the accuracy assessment of linear targets extractions, Tveite et al. [39]
suggested that the buffer zone of the result of the modified MF-FDOG algorithm should
be increased step by step and overlaid on an expert map. Accordingly, we selected the
horizontal distance between the central point of two adjacent pixels as the single unit of
the buffer zone. and then increased the buffer zone from one to ten units. Subsequently,
the different buffer zones of each ground fissure were used for the overlay analysis.

By searching each ground fissure pixel after buffer processing, ground fissure pixels
were deemed to be correctly extracted if the pixels of the expert map in the same position
are also ground fissure pixels. On the contrary, pixels are incorrectly extracted if the pixels
of the expert map in the same position are not ground fissure pixels. If the pixels in the
raw image corresponding to ground fissure pixels in the expert map are not recognized
by the algorithm, the ground fissure pixels are missed. We count the number of instances
of the above three cases and calculate the TPR (true positive rate) and FPR (false positive
rate) according to Equations (13) and (14), which express the ratio of correct and incorrect
extraction, respectively. The results are shown in Table 5:

TN
TPR = (13)
Mtotal
FPR - N (14)

Ntatal - Mtotal
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Table 5. Buffer analysis of the tunnel area and mining area.

Tunnel Area Mining Area
- Subset I Subset IT Subset III Subset IV
TPR FPR TPR FPR TPR FPR TPR FPR
Buffer 1 0.1195  0.0022  0.2938 0.0080 02490  0.0005  0.3387 0.0027
Buffer 2 0.2489  0.0058  0.4276 0.0177 0.4081  0.0017  0.5165 0.0075
Buffer 3 04323  0.0144  0.6472 0.0357 05638  0.0046  0.6537 0.0184
Buffer 4 0.5338  0.0223  0.7253 0.0513 0.6312  0.0074  0.7090 0.0282
Buffer 5 0.6150  0.0331  0.7821 0.0710 0.6853  0.0108  0.7547 0.0405
Bulffer 6 0.6767  0.0468  0.8181 0.0936 07270  0.0144  0.7872 0.0526
Buffer 7 0.7135  0.0574  0.8399 0.1104 0.7579  0.0182  0.8141 0.0652
Buffer 8 0.7534  0.0725  0.8635 0.1330 0.7823  0.0223  0.8384 0.0795
Buffer 9 0.7895  0.0895  0.8744 0.1444 0.8038  0.0270  0.8581 0.0947
Buffer 10  0.8218  0.1063  0.8957 0.1803 0.8180  0.0315  0.8750 0.1087

Here, TN and FN denote the correctly extracted pixel number and incorrectly extracted
pixel number, respectively; Ny, represents the total pixel number of an image; and M,
represents the pixel number of the expert maps derived by visual interpretation. The range
of TPR and FPR is [0, 1].

The ROCs were drawn using Table 5 and are shown in Figure 25. The vertical axis
represents the TPR, and the horizontal axis represents the FPR. As the FPRs for part I, II,
and IV are close to 10%, their TPRs all exceed 80%. The FPR for patch IIl is only 2.6% when
the TPR exceeds 80%, demonstrating that the ground fissure extraction accuracy for patch

I is the highest among all four image patches.
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Figure 25. ROCs of the ground fissure extraction results.

5.4.2. Accuracy Comparison of the Different Ground Fissure Extractions Algorithms
Ground fissures can be extracted by the Canny algorithm in the form of edges, which
cannot be compared with the SVM algorithm, grayscale threshold algorithm, or modified
MF-FDOG algorithm. Therefore, we compared and analyzed the latter three algorithms.
The overall accuracy [37] is calculated using Equation (15), and results are shown in Table 6:

. _ TN+TIN

15
Nsum (15)
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where & denotes the overall accuracy and TN denotes the number of correctly extracted
background pixels. As shown by the results (Table 6 and Figure 26), the modified MF-
FDOG algorithm is better than both the SVM algorithm and the grayscale threshold
segmentation algorithm.

Table 6. Comparison of the overall accuracy of three ground fissure extraction algorithms.

Subset SVM Algorithm Grayscale Threshold Algorithm The Modified MF-FDOG Algorithm
I 0.9462 0.9782 0.9836
I 0.9217 0.9758 0.9806
111 0.9826 0.9869 0.9871
v 0.9587 0.9754 0.9749
! - G | Nll dified j j
rayscale odific
0.99 _|! s [l e MEF-FDOG 09869 09871 g

0.9836

0.9806 0.9826

0.9758 0.9754 0.9749

Overall accuracy

Image

Figure 26. Overall accuracy of the ground fissure extraction results.

6. Conclusions and Future Works

The image of the loess region contains rich texture information, which makes it
difficult for traditional edge extraction operators to accurately distinguish ground cracks
and other linear objects, resulting in limited extraction accuracy. In order to improve
the accuracy of ground fissure extraction, this study proposes an improved ME-FDOG
algorithm. Experimental results show that this method has high accuracy and robustness.

In this study, the normalization was used to generate the response matrices of the con-
volution, which solves the instability of the sensitivity correction parameter and effectively
extract initial ground fissure candidates. At the same time, the automatic evaluation of
optimal directions and the number of the MF/FDOG template can effectively improve the
efficiency of the algorithm. In addition, using the sum of the mean value and two times the
mean square error in the Gaussian curve as the threshold instead of an arbitrary threshold
can achieve an adaptive threshold parameter, which effectively avoids the influence of
uncertainty in image segmentation.

In future work, our research will focus on the improvement of the efficiency of data
processing and the accuracy of ground fissure extraction. Firstly, the parallel processing
technology based on graphics processing unit (GPU) [40] calculations and the development
of multiple programming languages (such as CUDA and OpenCL [41]) can greatly improve
the efficiency of data processing; secondly, although the vertical photography image has
the advantage that the image data can be processed quickly, for areas with large slope
fluctuations, the ground crack target will be deformed. Therefore, the images of different
spatial resolutions or different types of images can be combined to improve the accuracy of
fracture extraction, thereby further ensuring the robustness of the proposed method.
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Abstract: The Larsen C Ice Shelf (LCIS) is the largest ice shelf in the Antarctica Peninsula, and its
state can be considered to be an indicator of local climate change. The goal of this paper is to invert
the rigidity of the LCIS based on the interferometric synthetic aperture radar (InSAR) technique
using Sentinel-1 images. A targeted processing chain is first used to obtain reliable interferometric
phase measurements under the circumstance of rapid ice flow. Unfortunately, only the descending
data are available, which disallows the corresponding 2-D velocity field to be directly obtained from
such measurements. A new approach is thus proposed to estimate the interferometric phase-based
2-D velocity field with the assistance of speckle tracking offsets. This approach establishes an implicit
relationship between range and azimuth displacements based on speckle tracking observations.
By taking advantage of such a relationship, the equivalent interferometric signals in the azimuth
direction are estimated, thereby recovering the interferometric phase-based 2-D ice velocity field of
the LCIS. To further investigate the state of the LCIS, the recovered 2-D velocity field is utilized to
invert the ice rigidity. The shallow-shelf approximation (SSA) is the core of the reverse model, which
is closely dependent on boundary conditions, including kinematic and dynamic conditions. The
experimental results demonstrate that the spatial distribution of the rigidity varies approximately
from 70 MPa-s'/3 to 300 MPa-s'/3. This rigidity distribution can reproduce a similar ice flow pattern
to the observations.

Keywords: InNSAR; ice velocity field; Sentinel-1 images; missing data recovering; ice rigidity inversion

1. Introduction

Ice shelves account for 75% of the Antarctic coastline, covering an area over
1.561 million km? [1]. They retreat/thin and collapse when the climate warms [2], which
reduces the buttressing effect regulating the contribution of the continental ice sheet to
the sea level. These changes of ice shelves influence the ocean circulation as they are
generally accompanied by a plethora of melting water [3]. To a certain degree, ice shelves
can be considered to be a potential signal of the environmental change. The Larsen C
Ice Shelf (LCIS), approximately 51,000 km? [4], is the largest ice shelf in the Antarctica
Peninsula [5] and is sensitive to atmospheric and oceanic forcing [6]. In the past few years,
as warm air/ocean water drives more melting, the LCIS has continuously thinned at a
rate of 0.38 m/a [7]. Especially, it calved on 12 July 2017, along with a greater than 200 km
crack, forming a huge tabular iceberg. Because of discharges, the corresponding resistance
decreases, which leads to an increase in inland glacier flow velocity. Such events render
the LCIS minimum observation size since the birth of the remote sensing technique.

In this paper, a velocity field of the LCIS is first mapped by the differential interfer-
ometric synthetic aperture radar (D-InSAR) method [8]. It retrieves the interferometric
phase to map a glacier velocity field with a higher accuracy and a finer spatial resolution [9],
which is beneficial to obtaining the spatial rigidity of the LCIS more reliably. However, the
interferometric observations can be only derived from one direction (descending orbit) [10],
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which leads to a failure in resolving the complete horizontal velocity components. Theoret-
ically, the correlation between the displacements in the range and the azimuth directions is
fixed at a given time. That is to say, as long as a velocity map is retrieved from the same
SAR images, it is possible to recover the 2-D horizontal velocity vectors from the available
displacements in the line-of-sight (LOS) direction. It is well known that the speckle track-
ing technique can obtain a 2-D velocity field with a sub-pixel measurement accuracy [11],
which can be used to explore the implicit interrelation between the azimuth and the range
displacements. Due to the large size and the high nonlinearity of the displacement data,
the relationship is extremely complicated. In other words, it is impossible to express it
as an explicit mathematical function. It has been repeatedly proofed that the artificial
neural network (ANN) is capable of accurately fitting a function with arbitrary forms [12].
Noting this, a targeted ANN is constructed to depict the implicit relationship between the
displacements in the azimuth and the range directions. The speckle tracking observations
are used to train this network in a supervised manner. With the use of the model, an
implicit function correlating the range and the azimuth displacements is generated, thereby
estimating the equivalent interferometric signals in the azimuth direction based on the
single direction phase observations. The proposed method has two advantages: (1) Be-
cause the ice motion is associated with several parameters (e.g., ice thickness [13], surface
slope [14], and ice bed conditions [15]), it is necessary to take these factors into account
when computing the function. The proposed method can extend the input to multiple
variables, allowing the introduction of a series of parameters. It enables the relationship to
be depicted more comprehensively, leading to an improvement in estimation reliability.
(2) The proposed method is immune to outlying speckle tracking estimates to some extent
as the network is defined in a global sense.

Next, the inverse control model of the ice sheet and sea-level system model (ISSM) [16]
is applied to the interferometric phase-based ice velocity field, thereby deriving the spatial
rigidity of the LCIS. The model consists of the forward and the inverse parts [17]. The
foundation of the forward part is actually established by a set of diagnostic equations of
ice shelf flow [18], which connects the surface velocity with the depth-averaged viscosity.
Especially, the viscosity is a function of effective strain rate and ice rigidity [18]. In order
to avoid the interpretation trouble, the rigidity is directly substituted to calculate rather
than deduced through viscosity [19]. On the other hand, the inverse part is responsible for
seeking an appropriate rigidity distribution to match the observed velocity field as precisely
as possible. A cost function is constructed in this part to calculate the misfit between the
observed field and the modeled counterpart. The steepest-descent algorithm is introduced
to minimize the cost function by adjusting the ice rigidity along with the direction of the
gradient of the cost function. The strengths of the inverse control model are enumerated
as follows: (1) It is unpractical to find the exact solution of the inverse parameter. By
iteratively optimizing the cost function, the model can achieve the best match between the
observations and the model outputs, thereby providing an optimal solution of the rigidity.
(2) The model is easily automated with a little help of the programming technique [20].

2. Data and InSAR Data Processing
2.1. Input Data

The following datasets are employed in this paper.

1. The ice velocity map of the LCIS is retrieved from six standard Sentinel 1A /B terrain
observation with progressive scan (TOPS) Level-1 single look complex (SLC) images
acquired in interferometric wide (IW) swath mode. The images were acquired on
15 May 2020 (orbit number: 21589) and 21 May 2020 (orbit number: 32660). These
SLC products preserving phase information have been referenced in radar range
observation coordinate using the orbit and attitude data from the satellite [21]. The
heading angle of the acquired images is around —61.27 degrees, whereas the incidence
angle varies approximately from 29 degrees to 42 degrees. Note that the horizontal
transmit and horizontal receive (HH) polarization possesses higher signal-to-noise ra-
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tio and supplies better amplitude characteristics compared to the horizontal transmit
and vertical receive (HV) polarization, implying that the former is more suitable for
mapping the ice motion [22]. Therefore, the HH channel is chosen in this paper.

2. The MEaSUREs BedMachine Antarctica (Version 2) [23] dataset provides the neces-
sary ice thickness (Figure 1a) and the surface topography (Figure 1b) for the modeling
manipulation. The bed parameter is derived from the difference between the sur-
face elevation and the ice thickness. The ice thickness and the surface elevation are
presented in ice equivalent, which avoids the trouble of correcting for the firn den-
sity [24]. These data have a spatial resolution of 500 m and are geolocated in a polar
stereographic projection with the standard longitude of 0°E and latitude of 71°S.
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Figure 1. The ice thickness (a) and the ice surface elevation (b) of the LCIS, respectively.

2.2. InSAR Processing

Due to the rapid flow of the glacier, the traditional procedure of the D-InSAR tech-
nique cannot be directly utilized to generate an interferogram with respect to the glacier
velocity [25]. A targeted INSAR processing chain is used to deal with the input data (see
Figure 2), which is roughly described as follows.

(1) A standard Sentinel-1 SAR image in IW mode generally consists of three sub-
swaths, and each sub-swath usually comprises nine bursts. Fractional areas of neighboring
bursts overlap in azimuth. Similarly, neighboring sub-swaths cover a certain common area
in range. Consequently, burst alignment operations are first applied to each sub-swath of
the TOPS acquisitions according to the time parameters. Following this, the corresponding
sub-swaths are merged to generate the consecutive master and slave magnitude images.

(2) With the use of the external digital elevation model (DEM) and the precise orbit
information generated by Copernicus precise orbit determination (POD) service, the rela-
tive offset of each measurement point is estimated using the geometric coregistration. As a
result, an initial rough look-up table is generated.

(3) According to the look-up table, the slave magnitude image is resampled with
respect to the master magnitude image.

(4) The offsets between the master and the resampled slave images are obtained by
the speckle tracking technique with a window size of 32 x 128, which utilizes the classic
cross-correlation function to determine the range and the azimuth offsets within a sub-pixel
measurement accuracy. The speckle tracking result also plays another crucial role in this
paper. It is used to supervise the training process of the artificial neural network depicting
the relationship between the range and the azimuth displacements (see Section 3.1).

(5) The look-up table is updated based on the speckle tracking estimates, and the slave
image is resampled again according to it.

119



Remote Sens. 2021, 13, 2361

(6) As the accuracy of the speckle tracking based look-up table cannot meet the
requirement of TOPS image registration, inevitable phase jumps will be presented at
burst/swath edges. Following the idea proposed in [26], phase jumps are estimated
and compensated.

(7) Eventually, the interferogram is generated based on the result in (6). Note that
the interferometric phase components induced by topography are estimated based on the
external DEM and removed during the process of interferogram generation.

4 2\
SLCI [ SCL2 ]
R — I
Merging Burst Merging Burst
Merging Swath Merging Swath
4 i 7\ 4 ¢ 7\
Master Image Slave Image
AN J J
External | ( Precise
DEM v Orbit
Geometric N Update
Coregistration Look-up Table
Look-up
Table ¢
Resampling Resampling
Speckle L Phase Jump
Tracking Mitigation

Interferogram

Figure 2. The interferometric synthetic aperture radar (InNSAR) processing chain used in this paper.

3. Mathematical Model of Rigidity
3.1. Ice Velocity Field Recovering

Based on the speckle tracking technique, the 2-D ice surface velocity field of the
LCIS can be produced with the use of the offsets in the range and the azimuth directions.
Theoretically, there exists an interrelation between the displacements in the two directions.
However, it cannot be expressed as a determinate function (e.g., a sine function or an
exponential function). This study describes this implicit function as follows:

Upzi = f(vmn/ X) (1)

where v,,; and v, refer to the azimuth and the range displacements, respectively. f(-) is
the function delineating the correlation between v,,; and v;4,. The vector x is a series of
physical parameters associated with v,,; and v,,,, including spatial coordinates, surface
slopes, ice thickness, etc. Frankly, it is hard to find a function f(-) by the traditional fitting
method, as the large dimensions of the input-output data bring about severe nonlinearity
and unacceptable computational time. In recent years, the artificial neural network widely
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attracts the focus of researchers [27,28], because it has made several breakthroughs in sci-
ence and society [29,30]. It is an information processing system which imitates the human’s
brain. It plays an important role in highly complex, nonlinear, and parallel computing.

The architecture of the network used in this study is illustrated in Figure 3. In
this network, the range displacements obtained from the speckle tracking technique, the
coordinates of the points in the ice displacement field, the surface slopes, and the ice
thickness are regarded as the inputs. As the input layer is desired to have as many
independent data dimensions as possible, surface slopes are decomposed into the partial
derivatives of the surface elevations. The azimuth displacements gained from the speckle
tracking technique are assigned as the labels associated with the output layer. The depth of
the hidden layers is set to 4, and the size of each hidden layer is uniformly set to 100. Tanh
is set as the activation function of each hidden layer. After the construction of the network,
we commence on the hyperparameters related to the training (including the learning rate,
the batch number) and the optimization strategies (including the optimization algorithm
and the regulation). The learning rate and the batch number are set to 0.001 and 32,
respectively. Adam is chosen to be the optimization algorithm. It combines the advantages
of the AdaGrad and RMSProp, which is helpful for handling sparse gradients on noisy
problems. In order to avoid model overfitting, L2 regulation is carried out.

Input Layer Hidden Layers Output Layer
Figure 3. Architecture of the established artificial neural network (ANN).

3.2. Inversion for Rigidity
As ice can be characterized as fluid, the Stokes equations is widely used to depict the

glacier ice flow [16]:
V.- T+pg=0 (2)
V-u=0 3)

Equations (2) and (3) represent the stress balance (neglecting the acceleration and the
Coriolis forces) and the incompressibility, respectively, where p is the ice density, u is the
ice velocity vector, T is the Cauchy stress tensor, p = f% Y_T;; is the pressure, g is the

1
gravity acceleration, and V- denotes the divergence operator. The glacier ice is considered
as viscous density-preserving fluid, and its constitutive relation can be expressed as

TP = 2uD @

where TP refers to the stress deviator. It is split from the Cauchy stress tensor:

TP =T+ pl (5)
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where I is the identity matrix in mathematics. D is the strain rate tensor, which can be

further expressed as
- 1 [ du; au]
D=5 (axj 5 ®)

Note that the trace of the D is equal to the divergence of u, thus the value of tr(D)
is also zero. p is the ice effective viscosity. Due to the glacier ice belonging to the non-
Newtonian fluid, y follows the Glen’s flow law [31]:

B
H=—"=3 (7)
]:D)g n
where B is the ice rigidity (i.e., the objective of this inversion), n the Glen’s flow law
exponent (typically chosen as 3). D, is the effective strain rate and defined as

1
D=, /5 Z]D)l?]. ©)
L)

Let x and y be horizontal coordinates, z be the vertical coordinate (positive upward).
With the use of Equations (4)—(6), Equations (2) and (3) can be rewritten in the form of the
velocity components in the Cartesian coordinates [16]:

2 (32) 4 2 (22 22 ) -2 0

ox ox ay \" oy ox oz \| 9z ox ox
el o) e () (i o) =0
%(H%H%)+%<H%+H%>+%<2u%)—%—pg:0 (1n
%-&-%—i— %:0 (12)

where 1, v, and w are the components of the velocity vector u in x, y, and z directions,
respectively. These equations are the so-called full-Stokes model, which contains four
unknowns (1, v, w, and p). It is computationally time-consuming to find the solutions.
In practice, ice shelves are relatively flat and thin. In addition, the viscosity of sea water
is negligible compared to that of glacier ice. Therefore, it is reasonable to assume that
the horizontal velocities and strain rate are independent of z. Based on the assumption,
the full-Stokes model can be rearranged. The shallow-shelf approximation (SSA) is thus
obtained [18]:

J _[(.ou 0Jv d _(du dv 0z
2 (25 + 5) |+ g (5 + 32)| =iy o
d _ (. 0v du d _(Jdu dv _ 0z
a2 (25 + 50) |+ (5 + 36| =i, o
Additionally, Equation (7) can be simplified as
_ B
H= (15)

1
2 2 2 3
9 9 1(9 9 du 9v
2 (3)"+ (5) 45+ )"+ 3]
where z; and H are the elevation of an ice shelf and the local ice thickness, respectively.
Obviously, the SSA model has only two unknowns (1 and v), the computational complexity
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is therefore reduced. It must be noted that the viscosity in the Equations (13)—(15) refers to
the depth-averaged effective viscosity due to the temperature dependence of ice rigidity.

To solve the SSA model that consists of two partial differential equations, the appro-
priate boundary conditions are required. In this paper, both the kinematic and the dynamic
conditions are introduced. The kinematic conditions specify the velocities (usually the
observed surface velocities) at locations neighboring the grounding line of an ice shelf. On
the other hand, the dynamic conditions apply the stress constraints to the ice front, which
is the depth-integrated balance:

2
Pw& [ P
T-ndz=-~—°(-—H 16
/ naz 2 (pw > (16)

where n is the outward-pointing normal vector of the ice front, p; is the density of
sea water.

Inversely, the SSA model can be also considered as a direct approach to solve the
depth-averaged effective viscosity when the velocities, the local ice thickness, and the ice
surface elevation are known. However, it may not be applicable in practice mainly due
to the errors in the observed velocities [20]. To deal with the problem, a control method
is introduced to estimate the distribution of viscosity [20]. The method treats the SSA
equations as the “forward model” to compute the modeled velocity (i, v, ) beginning
with an initial viscosity value. Moreover, it adjusts the viscosity iteratively by gradient
descent algorithm to achieve the best match between the modeled velocities (i, vy, ) and
the observed velocities (14, v;) under the constraints given by Equations (13) and (14). The
misfit between the model outputs and the observations is evaluated by a least-squares cost
function with Lagrange- multipliers:

1
] = //Q > (i — 11g)? + (o — vd)z]dxder
iy, Uy J iy, Uy 0z
a5 5 )y (5« 5 ) s o
vy Oy, 0 Uy, Uy
— |2Hu| 2—=— — |Hp{ =— + =— H
.//oﬁ{ay{ A oy *ox )] * ax{ dl oy ox ” P$H 3y }d"dy
where () is the study domain and (&, ) is the Lagrange-multiplier vector. In mathematics,
obtaining an extremum of the cost function necessitates that all the variations of the function
with respect to the free variables are equal to zero. Note that the variations of « and f are

naturally equal to zero due to (i, v,) being obtained from the “forward model”. The
variation of | with respect to 71 is written as [32]

dity, Uy \ O dity, Uy Ja 9P
2<2 ox + ay >8x+<ay +W>(ay+8x)

vy Ouy \ 9B
+2(2 3y + Fp )@

5]:/05@11 dxdy — (18)

in this equation, («, B) is produced by the following equations that ensure the variations of
U, and v, to be zero:

) o 9p ) ow | 9p\] _
a{ZHF @T*@ﬂ *@W@* axﬂ = tta — tim 1)

? B ? w P\
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To invert the ice rigidity directly, Equation (15) is used to deduce the variation of
J with respect to B. Due to the noise presented in the observed velocities, a Tikhonov
regularization term is introduced to the cost function to stabilize the inversion [16].

The partial differential equations are discretized by the continuous Galerkin finite
element method [33], and implemented with the use of triangular Lagrange P1 elements in
the ISSM, which helps us improve the computational efficiency by constructing meshes
with different resolution on the whole study region. In addition, it is beneficial to preserving
small-scale features in the area where the ice dynamics are of great concern.

4. Results

Note that the results obtained from both the speckle tracking and the D-InSAR tech-
niques are projected to the polar stereographic coordinate from the radar coordinate. As
the observations in the non-glacier regions are not associated with glacier activities, they
may impose negative effect on the ANN performance and the inversion of the ice rigidity.
Therefore, the displacement estimates outside the LCIS were masked out. Figure 4a,b
represents the speckle tracking displacement components of the LCIS in the range and the
azimuth directions, respectively. It can be easily observed that there is a primary signal leap
extending from the top left to the bottom right. Moreover, a few small distinct inconsecutive
signals are presented in Figure 4b. This phenomenon should stem from the influence of
the inaccurate radar timing information. Figure 4c demonstrates the LOS displacement
map transformed from the interferometric phase. Essentially, Figure 4a reflects an iden-
tical motion information with Figure 4c. They both exhibit that the range motion varies
from —6 m to —2 m. The negative values indicate that the ice moves along the opposite
direction of the LOS. The minimum motion is observed around the promontories, whereas
the maximum motion is located in the neighboring region of the ice front. Compared to
Figure 4a, Figure 4c is much smoother (without evident jumps), primarily due to the higher
spatial resolution and measurement accuracy of the interferometric phase based estimates.
With the use of the ANN, Figure 4d maintains an almost same distribution pattern of the
displacement as that in Figure 4b. Moreover, it gets rid of abrupt signals, which mainly
because of two reasons. First, the introduction of the surface slope information and the
ice thickness to the ANN forces the model to match the mechanism of ice flow, which
mitigates the influence of outlying estimates. Second, the ANN is trained with regulations,
the high-frequency noise is therefore eliminated. In this study, the results in Figure 4c,d
are used as the observations for the inverse model. Figure 4b,d reveals that the maximum
azimuth displacement is located at the northern part of the shelf. Further, both the positive
and the negative azimuth displacements are observed, which implies the significant change
of the ice flow direction. Figure 4e,f shows the displacement magnitudes of Figure 4a,b
and Figure 4c,d, respectively, which demonstrate that the ice displacement speeds up from
the inlet areas of the shelf to the ice front and reaches a maximum value (nearly 14 m) at
the middle of the ice front.

Due to the phenomenon of interferometric decorrelation, there are several no data
points in the ice displacement fields represented by Figure 4c,d, which may exert negative
influences on the model inversion process. Noting this, these no data points were recovered
using the method proposed in [34]. Next, the complete ice displacement fields were
decomposed and transformed into two mean annual velocity components in the Cartesian
coordinate(Figure 5a,b) to satisfy the requirement of the model inversion. Evidently, the
x-velocity component approaches zero in the northernmost and the southernmost regions.
On the other hand, the y-velocity component is nearly zero in the northernmost areas. The
maximum values of the two velocity components are both located in the middle of the
ice front. The study domain is adaptively discretized into 260,190 finite elements in the
inverse model. Figure 5¢,d represents the magnitudes of observed mean annual velocities
and modeled counterparts, respectively. The black arrows indicate the ice velocity vectors.
In general, the ice moves along a uniform direction from the inland to the sea, and it speeds
up in the same direction. Figure 5e demonstrates the misfit between the observations
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and the model outputs. It indicates that the disagreement between them is small. Most
discrepancies of the two velocity fields are distributed within 12 m/a.
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Figure 4. (a,b) The speckle tracking ice displacements of the LCIS along the range and the azimuth
directions. (c) The interferometric phase-based displacements along the range direction. (d) The
azimuth displacements recovered by the artificial neural network. (e) The displacement magnitudes
calculated from panels (a,b). (f) The displacement magnitudes calculated from panels (c,d).
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Figure 5. (a,b) The x and the y components of observed mean annual velocities of the LCIS in the
polar stereographic projection, respectively. The magnitudes of observed mean annual velocities
and modeled counterparts are presented in panels (c,d), respectively. The black arrows indicate the
velocity vectors. (e) The misfit between panels (c,d).

Figure 6 exhibits the depth-averaged spatial distribution of the ice rigidity inverted
from the ice velocity fields (Figure 5a,b). The rigidity varies in a huge span, approximately
from 70 MPa-s!/3 to 300 MPa-s!/3, and its distribution pattern is not random. For the
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convenience of description, five typical areas are circled in purple dash line, and they
are marked as A-E, respectively. The ice in area A is relatively stiff (with a rigidity of
250 MPa-s!/3), which is corresponding to an isothermal ice at approximately —28 °C (see
Table 1). As the inverted rigidity is depth-averaged, the estimated temperature according to
Table 1 is logically between the base and the surface temperatures. The soft ice is presented
in areas B and E, which generally has a rigidity within 100 MPa-s!/3. Correspondingly, the
temperature in these areas is no less than —7 °C. Note that the soft ice is observed along
the three distinct rifts in area E. Area C is of great interest, as strong bipolar singularities of
the rigidity are presented in a relatively small area.
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Figure 6. The spatial distribution of the depth-averaged rigidity of the LCIS.

Table 1. Recommended values of ice rigidity B corresponding to different temperature T, following Paterson [35].

T (°C)

0

-2 -5 -10 -15 -20 =25 -30 =35 —40 —-45 =50

B (MPa-s'/3)

53

75 86 127 151 180 220 270 333 415 523 630

5. Discussion
5.1. Analysis of Ice Rigidity Distribution

Rigidity refers to the property of an object to resist deformation when forces are exerted
on it. On the basis of Glen’s law [31], the proportional factor between deviatoric stress and
strain rate is the so-called glacier ice rigidity. Its value is dependent on temperature, water
content, grain size, impurities, and preferred-orientation fabric [35]. Frankly, it is hard to
obtain the variables like impurities for most researchers. However, temperature is relatively
within reach, as glaciologists can obtain temperature data from laboratory experiments
or public meteorology archives. Consequently, the relationship between temperature and
rigidity is best understood. Due to the lack of adequate theoretical formulations about
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rigidity, researchers calculate it only through the temperature distribution over interested
areas in most ice shelf modeling applications [32]. Obviously, the value of rigidity obtained
by this method is not accurate.

In this paper, the rigidity distribution of the LCIS is inverted based on the 2-D velocity
field, which provides us with an opportunity to investigate the state of the LCIS further.
Several rifts and crevasses can be observed in the area B, D, and E from the base map
of the topography, where the ice rigidity is low. To some extent, the effectiveness of the
inversion model used in this paper is therefore confirmed. Figure 7 is the driving stress
deduced from the modeling results. It can be observed that higher driving stress usually
accompanies with the rifts and crevasses, which brings about higher strain rates and lower
ice rigidity. Note that no information with respect to rifts and crevasses is involved in
the model inversion process, because the field measurements have related the fractures
to higher strain rates and larger velocities. The ice in the regions closed to the grounding
line is relatively stiff, and its rigidity is between 150 MPa-s'/3 and 250 MPa-s!/3. This is
possibly due to three factors. First, the basal melting is dramatic around the grounding
line, which causes a thinning of the ice shelf and a fall of the temperature, the rigidity thus
arises. Second, the advection of cold ice from tributary glaciers reduces the temperature
and enlarges the ice rigidity. Third, abutting the grounding line, the sea water beneath
the ice shelf is comparatively shallow. Consequently, vigorous tidal mixing can easily
transfer heat to the ice shelf, which triggers a great deal of melting, thereby increasing
the rigidity. In area A, where the ice is relatively stiff, the accretion of marine ice might
be extremely plentiful. As a result, it may isolate the ice shelf from warm sea water to a
large extent, which might cool the temperature-depth profile. The existence of the strong
bipolar singularities in area C is a little difficult to interpret. As there is no evident stagnant
ice, the ice over this area should be very stiff. Such an abnormity is never mentioned in
previous research works. It is suspected that this may result in a systematic bias, due to the
non-local characteristic of the “forward model” [36].
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Figure 7. The driving stress of the LCIS.
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5.2. Importance of Control Method

Traditionally, the ice rigidity parameter B is calculated based on the temperature.
Unfortunately, it is hard to obtain the temperature data with a high spatial resolution. In
most cases, B is usually inferred to be a uniform value over an extensive coverage, which is
not capable of depicting the real state of the ice rheology and leads to inaccurate results in
many glacier modeling applications. Owing to the use of the control method, a rigidity field
with significant spatial variability can be generated. The velocities (Figure 5d) computed
based on the inversion result reproduce the pattern of the observations accurately. To
examine the effectiveness of the control method for inferring the ice rigidity parameter, the
mean annual velocities were directly calculated by the “forward model” with a uniform
B (Figure 8a). The value of B is set to 175 MPa-s!/? according to the recommended
temperature (—19 °C) in the LCIS [37]. Figure 8b demonstrates that the misfit between the
modeled velocities and the observations. Obviously, the disagreements are approximately
35 m/a in most areas. These areas are mainly covered by soft ice.
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Figure 8. (a) The mean annual velocities obtained from the “forward model” based on a uniform
rigidity. (b) The misfit between panel (a) and Figure 5c.

6. Conclusions

Because only descending data are available over the LCIS, it is directly impossible to
retrieve the corresponding 2-D velocity field using the D-InSAR technique. In this paper,
a new method is proposed to recover the azimuth displacement. This basic idea of this
method is stimulated by the theory of ANN. A targeted network is constructed to fit the
implicit relationship between range and azimuth displacements based on speckle tracking
results. It introduces physical parameters related to the ice motion as the inputs, which
constrains the inputs and outputs to the mechanism of glacier flow to some extent. It is
beneficial in reducing the influence of the outlying estimates and noise. Next, the flow
mechanism of ice shelves is discussed. The corresponding inversion implementation in the
ISSM is used to infer the ice rigidity. It seeks the best rigidity distribution by minimizing the
misfit between the interferometric phase-based 2-D velocities and the modeled counterparts.
Compared to the uniform ice rigidity calculated from a fixed temperature, the inverted
variable rigidity can reproduce the observed flow patterns more accurately.
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Abstract: Time-dependent loading deformations of the Earth’s surface, due to nontidal changes
in the atmosphere, ocean, land water/ice, etc., contribute significantly to the seasonal and secular
Global Positioning System (GPS) site displacements, especially for the up component. While loading
deformations derived from general circulation model (GCM) outputs are usually used to correct
loading signals in the GPS site displacements, this study aims to provide a loading correction model
based on the multiple-data combined monthly gravity products LDCmgm90. We have adopted GPS
measurements from 249 IGS reference frame stations and 3 different GCM-based loading models to
test the reliability of the LDCmgm90 model. Compared to the GCM-based models, the LDCmgm90
loading correction is more effective in attenuating seasonal (especially annual) loading signals and
can bring more significant improvements to most stations for both the data-trend-removed and the
data-trend-retained cases. Thus, we have validated the LDCmgm90 model from the loading aspect
and proved it to be a reliable loading-correction model for GPS displacements. The relatively better
secular loading signals provided by the LDCmgm90 loading model may provide us a chance to study
the long-term, nonloading signals in GPS data.

Keywords: GPS; GRACE; LDCmgm90; time-variable gravity; loading deformation

1. Introduction

Despite successful applications in various fields, Global Positioning System (GPS)
measurements suffer from scatters in GPS position time series, which reduce GPS mea-
surement accuracy significantly. Ray [1] listed many sources of measurement error and
other systematic effects, such as draconitic errors, local site errors, temperature cycle er-
rors and errors in IERS models [2] (also see Ray et al. [3,4]; more details can be found in
Appendix B). Besides these causes, time-dependent loading deformations, due to mass
fluctuations in the Earth’s surficial geophysical fluids, i.e., atmosphere, ocean and land
water/ice, lead to variable loads on the crust and thus variable crustal deformations, thus
also contributing greatly to GPS position data scatters, especially at seasonal frequency
bands [5-16]. Therefore, accurate loading deformation corrections are urgently needed
in GPS data analyses, or else the explorations of the geophysical causes of the remaining
crustal deformations will be affected. Some studies on loading are reviewed below.

Van Dam and Wahr [17] studied the displacement of the Earth’s surface due to atmo-
spheric loading. Mangiarotti and Cazenave [18] compared loading results derived from
16 Doppler orbitography and radiopositioning integrated by satellite (DORIS) stations and
those from annual surface mass redistributions (atmosphere and ocean mass, soil moisture
and snow loadings). Van Dam et al. [5] compared vertical displacements modeled by
general circulation models (GCMs) and GPS heights observed by 147 globally distributed
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sites (Ary and Argp) and found that the root mean square (RMS) of seasonal, especially
annual, Arg adjusted by Ary; was significantly reduced. Dong et al. [8] conducted a com-
prehensive study on the effectiveness of loading corrections and showed that ~40% of the
power of the annual vertical variations in continuous GPS time series can be explained
by the joint contribution of seasonal surficial mass redistributions. Blewitt [19] discussed
the self-consistency in reference frames, geocenter definition and surface loading of the
solid Earth. Since these studies, GCM-derived loadings were widely used to correct the
GPS measurements. However, with longer and more accurate time series of GPS measures
and GCM outputs available, it became obvious that GCM-derived loading corrections do
not always improve the GPS data, but sometimes lead to increased noises, partly due to
limitations in the GCMs, such as hydrostatic approximation in atmospheric and oceanic
models, and violation of the conservation of global mass when summing atmospheric,
oceanic and hydrological masses (see Chen et al. [20,21] for more details). Therefore, the
GCM-based loadings may have biases in both phase and amplitude and sometimes lead to
even more excess seasonal signals (worse results) in GPS time series (in Section 4, one can
see that seasonal noises in GPS data are sometimes amplified rather than attenuated after
correction by GCM-derived loadings).

The 2002 launch of the Gravity Recovery and Climate Experiment (GRACE) twin
satellites has made available several time series of geopotential coefficients [22], which can
provide information for surficial mass redistributions and therefore loading deformations
meeting the conservation of global mass. Notable discrepancies are found between GCM-
based and GRACE-based loading deformation models. Davis et al. [23] compared the
annual deformations measured by GPS stations in the Amazon River Basin with predictions
calculated from GRACE measurements and found high correlation. They also confirmed
the superiority of GRACE-measured surface water variations over some hydrology models,
indicating that the adoption of GRACE measurements can be a better approach to study
loading deformation compared with GCMs. Tregoning et al. [11] computed elastic defor-
mation using continental water loading estimates derived from GRACE, which agreed
well with GPS observations. Yan et al. [24] proved that using either GRACE or GCM
36 degree/order (d/o) spherical harmonic coefficients can explain 90% of the variance
of total crustal vertical deformation. Fu and Freymueller [25] and Chanard et al. [26]
confirmed that surficial mass redistributions observed by GRACE, combined with an elas-
tic spherical and layered Earth model, can be used to provide first-order corrections for
loading deformation observed in both horizontal and vertical components of GNSS station
position time series.

Despite the advantages of GRACE-derived loading, there are also some significant
defects in the GRACE-based loading corrections. Due to the longitudinal striped errors and
coarse spatial resolution of traditional GRACE spherical harmonic products, additional
corrections (destriping and smoothing) are required to reveal valuable signals [27,28].
Consequently, with different GRACE data processing strategies adopted, the loading
deformation at the same GPS station derived by different researchers can differ from each
other. Further, destriping would cause distortions of signals of interest while smoothing
would attenuate them (signal leakages). These problems, together with limited spatial
and temporal resolutions, make the GRACE-based results not quite reliable. The newly
released Mascon products are free of the longitudinal striped errors but also contain some
problems. For example, atmospheric, oceanic and hydrological model outputs (used to
generate the RLO6 AOD1B) violate the conservation of global mass, so a sea-level mass
term is introduced to conserve the mass. However, only the ocean model outputs are used
to produce the RL06 GAB (namely, parts of oceanic contributions are not modeled). In
addition, like traditional GRACE spherical harmonic products, there are notable differences
among Mascon products released by different institutes (more details can be found in Chen
et al. [29]). Thus, further improvements are needed for GRACE products.

By inverting GPS displacement series measured at roughly 450 continuously track-
ing sites and ocean bottom pressure estimates of a data assimilated ocean circulation
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model, Wu et al. [30] obtained monthly global surface mass distributions in the spher-
ical harmonic domain with a complete spectrum up to degree and order 50 and then
combined them with GRACE gravity data to provide enhanced spectral and geographic
coverage. Chen et al. [29] developed a multiple-data-based monthly geopotential model
set LDCmgm90 (available at https://doi.org/10.6084/m9.figshare.7874384.v4 (accessed
on 20 September 2021)) by assimilating various versions of GRACE (including Mascon
products); satellite laser ranging (SLR) monthly gravity data [31,32]; and outputs from
various global atmospheric, oceanic and hydrological circulation models by using the least
difference combination method [20,21]. The LDCmgm90 dataset provides more reliable
data trends (see [21,29] for some validations) and has no stripes as seen in most GRACE
data, and it was shown to have better performance in explaining atmospheric, oceanic and
hydrological long-term and seasonal time-scale mass redistributions compared with most
meteorological models and time-varying gravity products, including Mascon solutions.

This study aims to provide a particular choice of improved surficial loading models
by using the LDCmgm90 dataset and, in the meantime, to validate the LDCmgm90 from
the loading aspect. We test our LDCmgm90 loading model at 249 IGb14 GPS reference
frame stations and compare them with three GCM-based loading models respectively
provided by the International Mass Loading Service (IMLS, http://massloading.net/,
accessed on 27 June 2020), the School and Observatory of Earth Sciences (EOST) Load-
ing Service (http:/ /loading.u-strasbg.fr/index.php, accessed on 8 December 2020) and
the Earth System Modeling group at the Deutsches GeoForschungsZentrum (ESMGFZ)
(http:/ /rz-vm115.gfz-potsdam.de:8080/repository, accessed on 6 January 2021). The re-
sults show that the LDCmgm90-based loading model explains more vertical crustal de-
formation caused by surficial loading at most GPS stations than other loading models
involved in this research.

This paper is arranged as follows: Datasets and methods used in this research are
described in Section 2. LDCmgm90-based load deformation is derived in Section 3 and com-
pared with GCM-based load deformations at 249 IGS GPS stations in Section 4. Conclusions
are presented in Section 5.

2. Materials and Methods
2.1. GPS Data

The IGb14 reference frame is an update to the previous IGS14 reference frame in which
a large fraction of the IGS14 GPS station coordinates have been “repaired” after previously
being rendered unusable due to the discontinuities caused by unpredictable events such
as earthquakes or equipment changes. The transformation parameters between IGb14
and IGS14/ITRF2014 are therefore all zero because IGb14 is aligned in origin, scale and
orientation to IGS514, hence ITRF2014 (please refer to ftp:/ /igs-rf.ign.fr/pub/IGb14/IGb14.
ssc (accessed on 20 September 2021) for more details about IGb14 reference frame and the
261 GPS stations involved). However, only 259 of 261 IGb14 GPS stations’ 24-h-sampled
final solutions are released on the website of Nevada Geodetic Laboratory (NGL).

NGL-processed GPS data contain time series of east-, north- and up-components
of nonlinear displacements in the IGS14 reference frame, where multiple measurement
models and corrections have been applied [33-40], including ocean tidal loading correction.
However, nontidal loading correction of atmosphere, ocean and hydrology is not applied.
The NGL modeling of tropospheric delays is particularly notable and effective at retaining
the full nontidal atmospheric load signal in the observed station coordinate time series [41].
Please refer to NGL GPS Data Analysis Strategy and Products Summary (http:/ /geodesy.
unr.edu/gps/ngl.acn.txt, accessed on 6 December 2020) for more details.

We first abandoned 10 GPS stations whose durations are less than 2 years (730 samples)
within the LDCmgm90 timespan due to the unreliability of their annual fluctuations. Then,
we preprocessed the 249 remaining time series to remove their gross errors (larger than
3 times standard deviation) and used a first-order difference method to correct jumps in
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GPS time series, where iteration and decreasing thresholds are required. The distribution
of the 249 selected GPS stations is shown in Figure 1.
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Figure 1. Distribution of 249 IGb14 GPS stations used in this research. Locations of these GPS stations are marked with
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2.2. GCM-Based Loading Data

The IMLS [42,43] provides 3-h-sampled nontidal loading deformation models for
1272 stations, containing GEOS-FPIT atmospheric and hydrological models developed
by Global Modeling and Assimilation Office at NASA Goddard Space Flight Center and
MPIOMO6 oceanic model developed at ESMGFZ. This loading model set is termed as the
IMLS loading for short.

The EOST Loading Service [42] provides 1-h-sampled loading deformation datasets
(in the form of Stokes coefficients up to degree and order 120; available at http:/ /loading.
u-strasbg.fr/listdata.php?dirn=st, accessed on 8 December 2020) based on the European
Centre for Medium-Range Weather Forecasts (ECMWF) fifth reanalysis (ERA5) atmo-
spheric surface pressure fields, induced TUGO-m ocean model [44] and GLDAS/Noah
continental hydrology model [45]. However, unlike other classical ocean general circulation
models, TUGO-m model is forced not only by atmospheric pressure but also by surface
winds (please notice that both atmospheric and oceanic loadings are included in their
ERAS5_TUGO product while ERA5_IB contains only atmospheric loading). This loading
model set is termed as the EOST loading for short.

Both the IMLS and EOST loading data are provided in the center of mass (CM) frame
without corresponding data for geocenter motion corrections. We converted them to the
center of figure frame to match the NGL GPS data, using geocenter motion derived from
the LDCmgm90 model as described in Section 2.3 and Appendix A.

The ESMGEFZ provides grid data for nontidal elastic surface loading deformation in
the center of figure (CF) frame with 0.5° x 0.5° spatial resolution [46]. ESMGFZ nontidal
atmospheric loading is 3-h-sampled and based on the operational ECMWEF model which
is typically updated about twice a year to incorporate advanced algorithms and physical
models into the system, which affects its long-term stability but improves near real-time
and forecasting quality, leading to substantially higher spatial resolution compared with
alternatively available atmospheric reanalysis models. ESMGFZ nontidal oceanic loading
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is 3-h-sampled and based on Max Planck Institute for Meteorology Ocean Model (MPIOM)
ocean model and forced by the ECMWEF atmospheric pressure. ESMGFZ hydrological
loading is 24-h-sampled and based on the version-2 Land Surface Discharge Model (LSDM)
hydrological model, in which soil moisture, snow, surface water and water in rivers and
lakes are all considered with mean mass during 2013~2014 subtracted. High-resolution
geographic information system (GIS)-based river network is used in this model for higher
accuracy of mass. Unlike other loading datasets, ESMGFZ also provides a special 24-h-
sampled sea-level loading for the conservation of global mass. Therefore, when ESMGFZ
loading is used, the sum of the above four components represents the complete surface
loading deformation. This loading model set is termed as the ESMGFZ loading for short.
The above-mentioned model sets are briefly summarized in Table 1. In this study, all the
GCM-based loading data were downsampled to monthly time series (with signals with fre-
quencies not exceeding 6 cycles per year (cpy)) to match the monthly LDCmgm90 loading.

Table 1. Atmospheric, oceanic and hydrological nontidal loading based on different meteorological models or products

involved in four loading datasets used in this research.

Dataset Atmosphere Ocean Hydrology Sea-Level
Loading Loading Loading Loading
IMLS GEOS-FPIT MPIOMO06 GEOS-FPIT \
EOST ECMWEF reanalysis TUGO-m GLDAS/Noah
ESMGFZ ECMWEF operational MPIOM LSDM ESMGFZ SLEL
LDCmgm90 LDCmgm90 GAA LDCmgm90 GAB LDCmgm90 GSM \

2.3. LDCmgm90-Based Loading Data and Geocenter Motion Correction

In this research, LDCmgm90 time-variable gravity [29] was adopted to derive LD-
Cmgm90 global deformation model. The LDCmgm90 GSM dataset provides Stokes co-
efficients for degree/order 2~90, so we needed to determine the corresponding degree-1
coefficients ACqg, ACq1 and ASy; in this study.

The GRACE monthly gravity products are usually released together with the GRACE
AOD1B products, which provide a model-based dataset (including GAA, GAB, GAC and
GAD) that describes the time variations of the gravity potential at satellite altitudes that are
caused by nontidal mass variability in the atmosphere and oceans [47]. The GAA product
describes the monthly nontidal atmospheric mass anomalies simulated by the operational
run of the atmosphere model ECMWEF. GAB refers to monthly nontidal oceanic mass
anomalies simulated by the operational run of the (unconstrained) ocean model MPIOM.
GAC is the sum of GAA and GAB. GAD can be regarded as a revised version of GAC with
nontidal atmospheric and oceanic mass anomalies only over ocean areas. GSM is just the
gravity residual after GAA and GAB are removed from the GRACE observations. Like
the monthly GRACE gravity models, the LDCmgm90 dataset also has five components,
namely the GSM, GAA, GAB, GAC and GAD products [29]. However, unlike common
GRACE solutions, destripe correction is not used in processing LDCmgm90 solutions,
which do not contain the stripe errors.

Recognizing the limited accuracies of glacial isostatic adjustment (GIA) models, Chen
et al. [29] did not include the GIA correction into the LDCmgm90 dataset. The GIA effects
reflect the viscoelastic behavior of the Earth’s mantle, while loading deformations are
only relevant with the Earth’s elastic responses. Thus, we needed to remove the GIA
contributions from the LDCmgm90 monthly gravity, and in this research, we chose the
ICE6Gavg-GPS model (available at https:/ /www.mdpi.com/2072-4292/12/7/1209/s1,
accessed on 2 February 2020) [48], which combines multiple GIA models and global GPS
observations, to remove GIA signals in the LDCmgm90 dataset. The loading model set
derived from the LDCmgm90 dataset, after GIA correction, is termed as the LDCmgm90
loading for short.

The 3D NGL GPS displacements are provided in the CF frame, while the LDCmgm90
and all the relevant GRACE products are given in the CM frame. Therefore, we needed
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to convert the LDCmgm90-derived loading results from the CM frame to the CF frame.
The CM and CF move relative to each other due to the degree-1 surficial mass loading. Let
AX(t), AY(t) and AZ(t) be three components of geocenter variations, reflecting differences
between the Earth’s CM and CE. We have [30,49]

AX(t) :| _ \/3(1+k1) |: ACll(t) :|

Tem — Yof = AY(t) 0 ASH(t)
ave

AZ(t) ACyo(t)

where
AC(t) = 127 [ Pro(cos8) - Fo(6,9)Ac(6, ¢, t)dS

AC1(t) = 12 [ Pro(cos6) - cos 6 - Fo(6,¢)Ac(6, ¢, t)dS )
AS11(t) = £ [ Pio(cos6) - sin6 - Fo(6,9)Ac (6, ¢, t)dS

In Equations (1) and (2), pare = 5517 kg/m?® is the average density of the Earth,
a = 6378 km is the semimajor axis of the Earth, Ac is the incremental surface density and
can be derived from Equation (14) of Wahr et al. [27] and k; is the degree-I elastic loading
Love number for geopotential variation. In this study, we used degree-1 loading number
k1 = 0.027 derived by Han and Wahr [50] since the origin of the coordinate system is the
center of figure (also see Wahr et al. [27] for more details).

To derive ACjy, ACy; and ASy; corresponding to a global time-dependent gravity
product, one possible approach is using an independent ocean bottom pressure model that
provides Fo (6, ¢)Ac (6, ¢, t), where Fo (6, ¢) is the ocean function that equals 1 in ocean
areas and 0 in land areas. Another way, which was utilized in this research, is using the
corresponding GRACE GAD product (please notice that GRACE GAA, GAB, GAC and
GAD products are derived from meteorological model instead of GRACE observation).
According to the definition, degree-1 Stokes coefficients derived from the GAD product
are exactly those defined by Equation (2). Please notice that in Equation (3), GAC and
GSM products should be both considered and transformed into mass spherical harmonic
coefficients to present the complete global effect.

2.4. Method to Determine Loading Deformations

Loading deformations at colatitude 6 and longitude ¢ caused by mass redistribution
on the surface of the Earth presented by fully normalized Stokes coefficients can be derived
as [51]

AR(,9,0) = gk & V(0,00

> Vi(0,9t) S L ACE)
(9 ¢, t) gmmcos(n/z 0) Z 7k ’84) g{msmﬁ Z T+ e IZT 3)
ad Vit 1 o L aVi(6,4.0)
N(e’ (P’ t) gnvc ; 7'1[/2*9) - 7gm Z Tll lae

where the AR(0, ¢, t), AE(0, $,t) and AN (6, $, t) are respectively the radial, eastward and
northward loading deformations; gz = 9.826057 m/ % is the average gravitational accel-
eration on the surface of the Earth; and /; and L; are the degree-I vertical and horizontal
elastic loading Love numbers, respectively. For degree > 2, we adopt k;, /1; and L; derived
from the MATLAB code developed by Chen et al. [52]. V;(6, ¢, t) is degree-I gravitational
potential on the surface of the Earth and can be expressed as

1
V(0,96 = 2 2 Pinlcos O)[ACy 1) cos(m) + A1) s @)

where G = 667259 x 10711 N-m?/kg? is the gravitational constant and
M = 5975562 x 10?* kg is the total mass of the Earth.
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3. Results

By using the derived degree-1 Stokes coefficients (please refer to Appendix A for
more details) and degree > 1 Stokes coefficients of the LDCmgm90 dataset, we derive the
corresponding horizontal and radial loading deformation separately after removing GIA
effects. Obvious annual fluctuation is observed in degree-1 radial loading deformation in
2010 (Figure 2), which is similar in other years.
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Figure 2. Global distribution of degree-1 radial loading deformation of LDCmgm90 spherical harmonic solution. Four
samples in 2010 are shown: (a) March, 2010; (b) June, 2010; (c) September, 2010; (d) December, 2010.

Global distribution of degree > 1 loading deformation is significantly more complex
due to the contributions of time-dependent precipitation, discharge of hydrology and
atmospheric and oceanic mass redistribution.

Radial loading deformation is significantly larger than horizontal loading deformation.
Globally, in 2010, absolute values of radial loading deformation in middle and northern
high latitudes remain less than 15 mm, while Antarctica and the tropical continents of South
America, central Africa, southern Asia and northern Australia have significant annual
loading deformation variations with amplitudes larger than 15 mm (see Figure 3, line 1,
GAC + GSM).

To separate the contributions of different sources, we derive the global radial loading
deformation of LDCmgm90 GSM and GAC products separately. We find that continental
anomalies along the equator are only observed in GSM loading deformation (Figure 3,
Line 2, GSM). These prominent annual variations reflect the changes of terrestrial water
storage in tropical continents of both hemispheres since precipitation brings a large amount
of water in their respective rainy seasons, leading to downward loading deformation,
while high temperature and drought during dry seasons vaporize water, leading to up-
ward loading deformation. In middle- and high-latitude areas, annual variations of GSM
loading deformation are not so obvious due to less precipitation and lower temperature
compared with the tropical area. Seasonal melting and freezing in high latitudes also
contribute a little to GSM loading deformation, among which the Greenland coastline is
the most prominent. However, annual loading deformation variations in middle and high

139



Remote Sens. 2021, 13, 4408

latitudes are mainly caused by changes in atmospheric pressure and ocean bottom pressure,
especially in Antarctica.
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Figure 3. Global distribution of degree >1 vertical loading deformation of LDCmgm90 spherical harmonic solutions in odd
months of 2010. Different sources are shown in different columns: Column 1, GAC + GSM (a,d,g,j,m,p); Column 2, GSM
(b,e,h k,n,q); Column 3, GAC (c,f,i,1,0,r); In 2010, absolute values of loading deformation of the Earth seldom reach 15 mm
except in several places such as the Amazon region, where about 28 mm at most appears. Therefore, the color representing
radial loading deformation >15 mm or <—15 mm remains the same to reveal smaller details.

Periodical variation of horizontal loading deformation also supports our inferences
for the vertical component. Besides, due to the property of Equation (3), latitudinal and
longitudinal dipole-like horizontal anomalies form near the center of radial anomalies.
Eastward and northward loading deformations always appear on the east and the north of
a positive radial loading deformation and on the west and the south of a negative radial
loading deformation (Figures 4 and 5). On the whole, loading deformation diverges from a
positive anomaly and converges to a negative anomaly. The direction of horizontal loading
deformation is the same as the gradient of the vertical loading deformation field.
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Figure 4. Global distribution of degree >1 eastward loading deformation of LDCmgm90 spherical harmonic solutions in
odd months of 2010. Different sources are shown in different columns: Column 1, GAC + GSM (a,d,g,j,m,p); Column 2,
GSM (b,e,h k,n,q); Column 3, GAC (c,fil,0,r).
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Figure 5. Global distribution of degree >1 northward loading deformation of LDCmgm90 spherical harmonic solutions in
odd months of 2010. Different sources are shown in different columns: Column 1, GAC + GSM (a,d,g,j,m,p); Column 2,
GSM (b,e,hk,n,q); Column 3, GAC (c,f,i,]1,0,r); In 2010, only South America northward loading deformation >2 mm in
several months, reaching 5.2 mm at most. Therefore, color representing northward loading deformation >2 mm or <—2 mm
remains the same to reveal smaller details.

4. Discussion

We applied our LDCmgm90 GAC- and GSM-derived loading products to 249 IGb14
GPS time series processed by NGL to correct nontidal loading effects. Likewise, EOST
and ESMGFZ atmospheric, oceanic and hydrological loading products were applied for
comparison. Since these stations are scattered globally with diverse data characteristics and
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ADE1 AMC2

qualities, the results of loading corrections will reflect the reliability of load deformation
models adopted. We also selected 12 of 249 GPS stations as examples, in which IMLS
loading products were also applied.

4.1. Comparison of Annual Residual

The up-component displacements of 12 IGb14 GPS stations are compared in Figure 6,
in which loading effects have been removed by the four different loading products men-
tioned above (only in Figure 6 the trends are removed for easier comparisons of the seasonal
signals). In most cases in the time domain, according to the remaining residuals, we find
that more loading effects are removed by EOST, ESMGFZ and LDCmgm90 loadings com-
pared with IMLS loading, especially at NRIL and WSRT. According to the corresponding
residuals’ power spectrum density (PSD) shown in Figure 7 and annual amplitudes of time
series listed in Table 2, we find that, among these 12 stations, significantly more annual
loading is removed by LDCmgm90 datasets at 6 stations: ADE1, BREW, CHPI, MOBS,
TNML and WSRT. The EOST loading is better at three stations: AMC2, NKLG and TIXI.
ESMGFZ loading is better at three stations: HOLM, LHAZ and NRIL. No advantage of
IMLS loading is found among these stations. In fact, applying IMLS loading often increases
the annual amplitudes of the 12 residuals.
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Figure 6. Detrended up-component residuals of 12 IGb14 GPS stations in which IMLS (green), EOST datasets (red), ESMGFZ
(magenta) and LDCmgm90 (blue) loadings have been applied (unit: mm). Atmospheric, oceanic and hydrological loadings
are all considered. Yellow perpendicular lines are marks for durations where >30 adjacent daily samples are unavailable in
the original GPS time series. Signals with frequencies >6 cpy are removed.
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Figure 7. Power spectrum density (PSD) of detrended up-component residuals of 12 IGb14 GPS stations in which IMLS
(green), EOST datasets (red), ESMGFZ (magenta) and LDCmgm90 (blue) loadings have been applied (unit: m?/cpy in dB).
Atmospheric, oceanic, and hydrological loadings are all considered. PSD of processed GPS time series is given as reference.
Less PSD indicates smaller amplitudes at the corresponding frequencies.

We also notice that at several stations, applying loading corrections leads to excess
annual amplitudes instead of attenuating them, which indicates that worse results are
induced by loading models. According to Table 2, compared with original GPS time
series, annual loading amplitudes are successfully reduced at 6 stations with IMLS loading
applied, at all 12 stations with EOST loading applied, at 10 stations with ESMGFZ loading
applied and at 11 stations with LDCmgm90 loading models applied. Numerically, among
these 12 stations, the most prominent improvement is brought by ESMGFZ loading at
HOLM, where 91% up-component annual fluctuation in the original GPS signal is removed
(only 0.21 mm remains).

The accuracy of hydrological loading is not as reliable as that of atmospheric and
oceanic loadings due to the uneven distribution of continent water storage and much
less accurate monitoring generally. Different hydrological models diverge from each
other and may enlarge the residuals instead of attenuating them further. In Table 2,
we notice that at eight stations (ADE1, AMC2, HOLM, MOBS, NKLG, NRIL, TIXI and
WSRT), applying IMLS hydrological loading leads to larger annual residuals than applying
IMLS atmospheric and oceanic loadings only, which is significantly improved by EOST,
ESMGFZ and LDCmgm90 loading corrections. Therefore, we infer that EOST, ESMGFZ

and LDCmgm90 models contain better hydrological loading information compared with
IMLS loading.
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Divergences between different loading models are smaller in other frequency bands at
these 12 stations (such as semiannual loading, see frequency = 2 cpy in Figure 7 and Table 3).
However, since loading effects are mainly annual fluctuations [5,8], discrepancies among
loading models are mainly introduced by their annual signals, which should represent
the quality of loading models. Therefore, due to the smaller time- and frequency-domain
annual residual and better hydrological loading information involved, we believe that
EOST, ESMGFZ and LDCmgm90 loadings are generally better than IMLS loading.

Table 2. Effects of applying loading corrections: the case of annual signals (unit: mm).

Station GPS GPS—(A +0) 1 GPS—(A + 0 + H) 2
IMLS EOST ESMGFZ LDC3 IMLS EOST ESMGFZ LDC
ADE1 7.61 4.29 5.02 455 452 431 446 4.30 3.93
AMC2 2.62 1.18 2.38 2.09 2.34 454 2.37 2.72 3.28
BREW 428 452 432 446 3.80 437 2.46 247 1.95
CHPI 5.16 4.09 478 452 438 1.03 2.88 1.75 0.86
HOLM 2.33 1.44 1.43 1.44 0.64 4.36 0.52 0.21 0.78
LHAZ 7.29 8.23 6.79 7.08 6.79 6.96 5.00 2.16 2.25
MOBS 432 1.95 2.64 2.33 1.91 247 1.44 1.65 1.30
NKLG 251 247 1.71 1.89 1.51 3.37 1.13 2.59 1.87
NRIL 436 5.39 3.82 425 3.29 9.48 2.55 1.19 1.61
TIXI 475 2.64 3.08 2.62 2.07 3.75 1.93 424 1.96
TNML 2.79 1.93 1.70 1.52 0.81 1.86 0.94 1.15 0.51
WSRT 3.44 1.35 3.57 2.75 2.35 6.14 1.85 1.94 1.58

1 “GPS—(A + O)” means that atmospheric loading and oceanic loading are applied. 2 “GPS—(A + O + H)” means that atmospheric loading,
oceanic loading and hydrological loading are applied. 3 “LDC” denotes LDCmgm?90.

Table 3. Effects of applying loading corrections: the case of semiannual signals (unit: mm).

Station GPS GPS—(A +0) ! GPS—(A + O + H) 2
IMLS EOST ESMGFZ LDC?3 IMLS EOST ESMGFZ LDC
ADE1 1.36 1.55 1.57 1.56 1.48 1.18 1.50 1.43 1.51
AMC2 0.83 0.50 0.41 0.40 0.40 0.86 0.30 0.53 0.44
BREW 1.51 1.62 1.20 1.31 1.04 1.67 1.20 1.45 0.75
CHPI 1.16 1.04 1.05 1.02 0.99 1.50 0.85 0.46 0.81
HOLM 0.96 0.80 0.93 1.01 0.95 0.77 0.45 0.50 0.94
LHAZ 2.35 247 2.36 244 2.34 1.34 1.53 1.07 1.46
MOBS 0.18 0.37 0.43 0.38 0.32 0.86 0.48 0.36 0.25
NKLG 0.88 0.68 0.61 0.62 0.70 1.42 1.10 1.73 1.60
NRIL 1.61 1.80 1.88 1.82 1.71 251 0.87 0.67 0.43
TIXI 1.32 1.55 1.59 1.48 1.30 1.71 1.16 1.34 0.90
TNML 0.91 1.24 0.98 1.18 1.18 1.09 0.86 0.94 1.13
WSRT 0.15 0.26 0.41 0.40 0.32 0.72 0.42 0.49 0.53

1 “GPS—(A + O)” means that atmospheric loading and oceanic loading are applied. 2 “GPS—(A + O + H)” means that atmospheric loading,
oceanic loading and hydrological loading are applied. 3 “LDC” denotes LDCmgm90.

4.2. Loading Due to Seasonal Mass Redistributions

We removed the means and trends of all the relevant data in order to estimate the
improvement of seasonal loading correction brought by our LDCmgm90 loading models
compared with EOST and ESMGFZ datasets. First of all, we calculated the mean PSD of
249 IGb14 GPS time series with different loading correction models applied (see Figure 8).
One can see the LDCmgm90 is the most efficient in attenuating the annual signal in GPS
data, especially in the up-component. Besides, long-period variations of up-component
GPS time series are also improved by LDCmgm90 compared with EOST and ESMGFZ.
However, there are also strong peaks of draconitic year error (with period 351.2 day or
frequency 1.04 cpy; also see Ray et al. [3]) and its higher harmonics (peaks near the 2, 3, 4
and 5 cpy) as shown by Figure 8. These draconitic year errors in GPS data have nothing to
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do with loading but also contribute greatly to the scatter of GPS position residual, which
can be well corrected by least-square fitting (see three bottom subplots in Figure 8). On the
other hand, both the EOST and ESMGFZ have better performances than LDCmgm90 for
up-component variations between draconitic peaks, the cause of which is not quite certain
but could be a limitation of the frequency and spatial resolutions (~6 cpy and ~2 degrees,
respectively) of the LDCmgm90 data (it is rather common that there is no data point at the
frequency of interest and thus the plots are impacted by its neighboring frequency points,
due to the limited frequency domain sampling rate caused by the finite length of the time
series of interest).
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Figure 8. Mean PSD of 249 IGb14 GPS time series (black) and GPS residuals with EOST loading applied (red), with ESMGFZ
loading applied (magenta) and with LDCmgm90 loading applied (blue). The 0~6 cpy east-, north- and up-components are
all given. Please notice that the draconitic year errors in the 3 subplots above are removed by least-square fitting in the
bottom row of subplots.

Root mean square (RMS) of detrended GPS residual is a vital index to estimate
the quality of a loading model (the mean value of each time series is removed before
time-domain analyses). Globally, compared with applying EOST and ESMGEFZ loadings,
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applying LDCmgm90 loading improves the residual RMS at more of the 249 IGb14 GPS
stations involved in this research. Up-component RMS variation (ARMS) brought by
LDCmgm90 loading compared with applying either EOST loading or ESMGFZ loading
is shown in Figures 9 and 10, respectively. Besides, statistical information about RMS
improvement ratio is listed in Tables 4 and 5.

Compared with original GPS signal (Table 4), applying LDCmgm90 loading success-
fully reduces up-component RMS at 218 (equaling 87.55%) GPS stations, which is slightly
more than applying EOST or ESMGEFZ loading. When significantly improved (RMS im-
provement ratio > 5%) stations are considered only, LDCmgm90 loading is about 4% better
than EOST and matches ESMGEFZ loading.

In horizontal components, LDCmgm90 roughly matches EOST and ESMGFZ; differ-
ences between RMS with either loading model applied at most stations are within 5%.
Numerically, according to Table 5, applying LDCmgm90 loading models instead of EOST
loading models reduces 128 (equaling 51.41%) stations’ east-component RMS and 136
(equaling 54.62%) stations’ north-component RMS, which is slightly better when compared
with ESMGFZ, in which 122 (equaling 49.00%) stations’ east-component RMS and 115
(equaling 46.18%) stations” north-component RMS are reduced by applying LDCmgm90.

However, as for the up-component loading, where signals are larger than the horizontal-
component loading, applying LDCmgm90 loading significantly decreases residuals’ RMS
at 155 (equaling 62.25%) globally distributed GPS stations compared with applying EOST
loading models, among which improvements at 81 (equaling 32.53%) stations are larger
than 5%. Compared with ESMGFZ loading, applying LDCmgm90 loading also reduces 142
(equaling 57.03%) stations’ up-component residuals’ RMS, among which improvements at
72 (equaling 28.92%) stations are larger than 5%. The most obvious RMS improvements
are found in high-latitude regions of the northern hemisphere, especially at stations lo-
cated along Greenland’s coastline. The largest RMS decrease is found at KELY (66.987°N,
50.945°W; vs. EOST: —3.40 mm; vs. ESMGFZ: —3.78 mm), while the largest RMS increases
are found at NURK (1.945°S, 30.09°S; vs. EOST: —1.02 mm) and UFPR (25.448°S, 49.231°W;
vs. ESMGFZ: —1.07 mm). We infer that the better annual and long-period signals contribute
to the up-component superiority of LDCmgm90 compared to EOST and ESMGFZ.

Table 4. Statistical information of GPS stations with different RMS improvement ratios: loading-removed GPS signals vs.

original GPS signal *.

Loading-Removed GPS Signal RMS Improvement Ratio Station Improved 2
>5% 0~5% —5~0% <—5%

EAST
GPS—EOST 50 (20.08%) 111 (44.58%) 72 (28.92%) 16 (6.43%) 161 (64.66%)
GPS—ESMGFZ 58 (23.29%) 94 (37.75%) 66 (26.51%) 31 (12.45%) 152 (61.04%)
GPS—LDCmgm90 54 (21.69%) 108 (43.37%) 73 (29.32%) 14 (5.62%) 162 (65.06%)
NORTH
GPS—EOST 76 (30.52%) 117 (46.99%) 48 (19.28%) 8 (3.21%) 193 (77.51%)
GPS—ESMGFZ 92 (36.95%) 88 (35.34%) 59 (23.69%) 10 (4.02%) 180 (72.29%)
GPS—LDCmgm90 89 (35.74%) 102 (40.96%) 52 (20.88%) 6 (2.41%) 191 (76.71%)
UP
GPS—EOST 161 (64.66%) 53 (21.29%) 28 (11.24%) 7 (2.81%) 214 (85.94%)
GPS—ESMGFZ 172 (69.08%) 44 (17.67%) 16 (6.43%) 17 (6.83%) 216 (86.75%)
GPS—LDCmgm90 171 (68.67%) 47 (18.88%) 25 (10.04%) 6 (2.41%) 218 (87.55%)

1 Positive RMS improvement ratio means that RMS of loading-removed GPS signal is smaller than original GPS signal, indicating that
loading is successfully removed, while a negative value means that applying loading model increases the RMS of the GPS signal. RMS

improvement ratio compared w

ith original GPS signal is calculated by 100%—RMS (loading-removed GPS)/RMS (original GPS). 2 “Station

Improved” column shows the total number and ratio of GPS stations whose loading effects were successfully removed by EOST, ESMGFZ
or LDCmgm90 loading, equaling “>5%" column plus “0~5%" column. For each component, the total number of improved stations is listed
outside the brackets while the corresponding ratio is given in the brackets.
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Table 5. Statistical information of GPS stations with different RMS improvement ratios: comparison between GPS signals
with different loading models applied .

Loading-Removed GPS Signal RMS Improvement Ratio Station Improved 2
>5% 0~5% —5~0% <—5%
GPS—LDCmgm90 vs. GPS—EOST 3
East 17 (6.83%) 111 (44.58%) 99 (39.76%) 22 (8.84%) 128 (51.41%)
North 25 (10.04%) 111 (44. 58%) 97 (38.96%) 16 (6.43%) 136 (54.62%)
Up 81 (32.53%) 74 (29.72%) 59 (23.69%) 35 (14.06%) 155 (62.25%)
GPS—LDCmgm90 vs. GPS—ESMGFZ
East 27 (10.84%) 95 (38.15%) 106 (42.57%) 21 (8.43%) 122 (49.00%)
North 21 (8.43%) 94 (37.75%) 104 (41.77%) 30 (12.05%) 115 (46.18%)
Up 72 (28.92%) 70 (28.11%) 62 (24.90%) 45 (18.07%) 142 (57.03%)

! Positive RMS improvement ratio means that RMS of LDCmgm90 residual is smaller than that of EOST or ESMGFZ residual, indicating
that LDCmgm90 is better, while a positive value means that EOST or ESMGFZ is better. 2 “Station Improved” column shows the total
number and ratio of GPS stations whose loading effects are better removed by LDCmgm90 compared with ERA5 or ESMGFZ, equaling
“>5%" column plus “0~5%" column. For each component, the total number of improved stations is listed outside the brackets while the
corresponding ratio is given in the brackets. 3 RMS improvement ratio brought by LDCmgm90 compared with EOST is calculated by
100%—RMS (GPS—LDCmgm90)/RMS (GPS—EOST), which is similar to that compared with ESMGFZ.
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Figure 9. Changes of root mean square (ARMS) of 249 IGb14 GPS up-component time series: LDCmgm90 vs. EOST.
Decrease in RMS means that applying LDCmgm90 loading reduces the residual’s RMS compared with applying EOST
loading, indicating that LDCmgm90 loading is better than EOST at these GPS stations, while increase in RMS means that
EOST is better. Besides, locations of 249 stations are marked with “+” (blue “+”: >5% RMS is removed; cyan “+”: 0~5% RMS
is removed; magenta “+”: 0~5% RMS is induced; red “+”: >5% RMS is induced).

To better understand these three loading models, we also compared EOST, ESMGFZ
and LDCmgm90 together, finding the best loading model for each station involved in
this research and calculating the RMS improvement ratio of GPS residuals brought by
LDCmgm90 compared with the better result of applying EOST and ESMGEFZ loadings
(Figure 11). To reach the smallest RMS of GPS residuals, applying EOST is the best choice
for 54 (21.69%) stations, applying ESMGFZ is the best choice for 85 (34.14%) stations and
applying LDCmgm90 is the best choice for 110 (44.18%) stations. Regionally, EOST-best
stations lie mainly in the middle-latitude area of North America and Asia. ESMGFZ-best
stations are mainly in western Europe. LDCmgm90-best stations are widely distributed
around the world, especially along the coastline of Greenland.

Therefore, according to the comparison of 249 globally distributed IGb14 GPS stations,
especially the improvement in removing up-component effects, we conclude that LD-
Cmgm90 loading is reliable and generally better than EOST loading and ESMGEFZ loading.
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Figure 10. Changes of root mean square (ARMS) of 249 IGb14 GPS up-component time series: LDCmgm90 vs. ESMGFZ.
Decrease in RMS means that applying LDCmgm90 loading reduces the residual’s RMS compared with applying ESMGFZ
loading, indicating that LDCmgm90 loading is better than EOST at these GPS stations, while increase in RMS means that
ESMGFZ is better. Besides, locations of 249 stations are marked with “+” (blue “+”: >5% RMS is removed; cyan “+”: 0~5%
RMS is removed; magenta “+”: 0~5% RMS is induced; red “+”: >5% RMS is induced).
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Figure 11. RMS improvement ratio of 249 IGb14 GPS Up-component time series: LDCmgm90 vs. the better of EOST and
ESMGEZ. Besides, locations of 249 stations are marked with “+”. Unlike Figures 9 and 10, for each station, red “+” means
EOST loading is the best, magenta “+” means ESMGFZ is the best and blue “+” means LDCmgm90 is the best.

4.3. Contributions of Secular or Long-Term Mass Redistributions

Loading affects not only seasonal variations but also trends in GPS measurements,
which should be appropriately considered by a complete loading model (note that many
long-period geophysical signals, e.g., the ~18.6-year tide, may look like trends for the
relatively short GPS time series; thus, “trends” here may contain contributions from these
long-period geophysical signals). Therefore, to test the secular or long-term signals of
LDCmgm90 loading, we only removed the means but retained the trends of all data,
and we applied GIA corrections (ICE6Gavg-GPS model) to GPS data and LDCmgm90
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loading (termed “trend-retained” for short hereafter). The analyses are similar to those in
Section 4.2. Comparisons are listed in Tables 6 and 7.

According to the comparison of 249 GPS stations in Table 6, when trends are consid-
ered, the number of stations significantly improved (RMS improvement ratio > 5%) by
applying EOST and ESMGFZ loadings decreases by 15~20%, while the number of stations
significantly improved by applying LDCmgm90 loading varies only 2%, which is 16%
better than EOST loading and 18% better than ESMGFZ loading.

Applying LDCmgm90 loading successfully reduces up-component RMS at 201 (equal-
ing 80.72%) GPS stations, which is similar to applying EOST loading and 12% more than
applying ESMGFZ loading. On the other hand, the ~14% larger improvement of the EOST
model with respect to the ESMGFZ model is not found in trend-removed comparison.
This may be due to the facts that the former adopts the ECMWEF reanalysis (ERA5) of
atmospheric data and the associated oceanic and hydrological models are forced by both
surface pressure and winds (more practical), which induces better trend signals, while
the ESMGEFZ only uses ECMWEF operational data and its associated ocean model is forced
only by surface pressure (less practical; operational data usually have poorer quality than
reanalysis data).

Table 6. Comparison of up-component loading corrections affected by trend in loading models 1.

Loading-Removed GPS Signal RMS Improvement Ratio Station Improved
>5% 0~5% —5~0% <—5%
Trend-removed 2
GPS—EOST 161 (64.66%) 53 (21.29%) 28 (11.24%) 7 (2.81%) 214 (85.94%)
GPS—ESMGFZ 172 (69.08%) 44 (17.67%) 16 (6.43%) 17 (6.83%) 216 (86.75%)
GPS—LDCmgm90 171 (68.67%) 47 (18.88%) 25 (10.04%) 6 (2.41%) 218 (87.55%)
Trend-retained
GPS—EOST 125 (50.20%) 80 (32.13%) 37 (14.86%) 7 (2.81%) 205 (82.33%)
GPS—ESMGFZ 120 (48.19%) 51 (20.48%) 50 (20.08%) 28 (11.24%) 171 (68.67%)
GPS—LDCmgm90 165 (66.27%) 36 (14.46%) 28 (11.24%) 20 (8.03%) 201 (80.72%)

! The structure of this table is similar to Table 4. 2 Results of “Trend-removed” are the same as those of “UP” in Table 4, which are given

here for comparison.

Improvement brought by the trend of LDCmgm90 loading can also be observed in
Table 7, where significantly improved (RMS improvement ratio > 5%) stations rise 11%
and 15% when compared with EOST and ESMGFZ results, respectively. Total numbers
of improved stations also slightly increase. We also repeat the three-model comparison
similar to Figure 11, the result of which is given in Figure 12. We find that the largest RMS
improvement ratio is about 80%, which is nearly double that in Figure 11. Besides, when
trends are considered, applying LDCmgm90 is the best choice for 116 (46.59%) stations,
slightly more than trend-removed condition.

Table 7. Up-component improvement of LDCmgm90 loading compared with EOST and ESMGFZ loadings: comparison
between trend-removed and trend-retained conditions !.

Loading-Removed GPS Signal RMS Improvement Ratio Station Improved
>5% 0~5% —5~0% <—5%
GPS—LDCmgm90 vs. GPS—EOST
Trend-removed 2 81 (32.53%) 74 (29.72%) 59 (23.69%) 35 (14.06%) 155 (62.25%)
Trend-retained 108 (43.37%) 52 (20.88%) 46 (18.47%) 43 (17.27%) 160 (64.26%)
GPS—LDCmgm90 vs. GPS—ESMGFZ
Trend-removed 72 (28.92%) 70 (28.11%) 62 (24.90%) 45 (18.07%) 142 (57.03%)
Trend-retained 111 (44.58%) 41 (16.47%) 40 (16.06%) 57 (22.89%) 152 (61.04%)

I The structure of this table is similar to Table 5. 2 Results of “Trend-removed” are the same as those of “UP” in Table 5, which are given

here for comparison.
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In order to show the advantages of long-term and annual signals in LDCmgm90 load-
ing more clearly, we calculate the improvement of LDCmgm90 loading in long-term (with
periods > 5 years) and annual frequency bands (with periods between 338 and 410 days)
compared with EOST and ESMGFZ loadings (Table 8). We find that 49% EOST and 49.8%
ESMGFZ long-term residuals and 57.83% EOST and 55.02% ESMGFZ annual residuals are
significantly improved, larger than 43.37% and 44.58% in Table 7 where all <6 cpy signals
(period > 2 months) are considered, supporting the contributions of LDCmgm90 loading
in long-term and annual bands. In the meanwhile, total numbers of improved stations in
Table 8 remain similar compared with Table 7, indicating that (1) general advantages of
LDCmgm90 loading still exist and (2) EOST and ESMGEFZ loading models also perform
well in other seasonal variations, which corresponds with PSD shown in Figure 8.

Therefore, according to the trend-retained comparison in this section and band com-
parison in Table 8, we confirm that not only seasonal variations but also long-term signals
in LDCmgm90 loading are better than those in EOST and ESMGFZ loadings.

Table 8. Up-component improvement of LDCmgm90 loading compared with EOST and ESMGFZ loadings in long-term

and annual frequency bands.

Loading-Removed GPS Signal

RMS Improvement Ratio

Station Improved

>5% 0~5% —5~0% <—5%
Long-term band !
LDC vs. EOST 2 122 (49.00%) 34 (13.65%) 31 (12.45%) 62 (24.90%) 156 (62.65%)
LDC vs. ESMGFZ 124 (49.80%) 28 (11.24%) 22 (8.84%) 75 (30.12%) 152 (61.04%)
Annual band 3
LDC vs. EOST 144 (57.83%) 13 (5.22%) 16 (6.43%) 76 (30.52%) 157 (63.05%)
LDC vs. ESMGFZ 137 (55.02%) 24 (9.64%) 22 (8.84%) 66 (26.51%) 161 (64.66%)

TIn long-term band, signals with periods > 5 years are involved. 2 In this table, “LDC” denotes LDCmgm90. 3 In annual band, signals with

periods between 338 and 410 days are involved.
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Figure 12. RMS improvement ratio of 249 IGb14 GPS up-component time series: Similar to Figure 11, but for trend-

retained comparison.

5. Conclusions

By using LDCmgm90 multiple-data-based monthly gravity dataset and estimating
its degree-1 Stokes coefficients, we have obtained the complete LDCmgm90 atmospheric,
oceanic and hydrological loading models. Globally, we compared LDCmgm90 loading
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model with GCM-based loading models provided by the EOST Loading Service and
ESMGEFZ by applying them to 249 globally distributed IGb14 GPS stations processed by
NGL to remove their loading effects. Loading models provided by IMLS were also applied
to 12 GPS stations.

Our research shows that the LDCmgm90 loading model can reliably remove loading
effects in GPS time series and is likely to achieve similar or even better results compared
with other latest loading models. In general, according to our numerical results, we
infer that the EOST and ESMGFZ loading models are better than the IMLS loading, but
the LDCmgm90 loading is even better, not only for GPS sites on the continents but also
for those on the islands surrounded by the oceans. The better annual, trend and long-
period information, especially that of continent water, contribute to the superiority of
LDCmgm90 loading compared with other loading products and therefore lead to significant
improvements in the LDCmgm90 model with respect to the EOST and ESMGFZ models.

When all the data trends are removed, applying LDCmgm90 loading successfully
attenuates up-component loading effects at 218 (87.55%) GPS stations. In addition, time-
and frequency-domain analyses show that LDCmgm90 has better performance than EOST
at 155 (62.25%) GPS stations and ESMGFZ at 142 (57.03%) GPS stations. These values
increase to 160 (64.26%) for EOST and 152 (61.04%) for ESMGEFZ if all the data trends are
retained, implying that LDCmgm90 can provide better secular or long-term global mass
redistributions. Therefore, the LDCmgm90 loading model is the best choice to remove
not only seasonal but also secular or long-term loading signals in GPS site displacement
data, providing a chance to explore other geophysical causes buried in the residual sec-
ular or long-term signals in the GPS data. The LDCmgm90 loading model is available
upon request.

It should be mentioned that there are also some limitations in the LDCmgm90 loading
model, such as limited spatial (~2-degree) and frequency (~6-cpy) resolutions and avail-
ability limited to the GRACE mission period (~2002-2017, but the LDCmgm90 will be
extended to include the GRACE Follow-On data in the future). While the ~6-cpy frequency
resolution should be enough for global mass loading, the ~2-degree spatial resolution
could be insufficient for some small regions with large local hydrological signals, such as
California. Thus, no load model is perfect; each contains certain defects and even errors.
Users should beware of applying load corrections to GPS time series data blindly assuming
that no new errors will be introduced.
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Appendix A. Estimations of Degree-1 Stokes Coefficients and Geocenter Variation of
LDCmgm90

We estimate the LDCmgm90 degree-1 Stokes coefficients (AClLOD gm0 Ac

and ASlLlD cmg m90) and compare them with degree-1 coefficients of CSR and JPL RL06
GRACE Mascon solutions (Figure Al). To recover the corresponding total global effects of
the original Mascon solution, we remove GAD products, reconsider the ICE-6G-D model
and restore GAC products (total Mascon = original Mascon product—GAD + GIA + GAC).

Our results, especially AS;q, have good agreement with other degree-1 coefficients.

LDCmgm90
11
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Figure Al. Time series of fully normalized degree-1 Stokes coefficients of CSR Mascon RL06 solutions (green line), JPL
Mascon RL06 solution (blue line) and LDCmgm90 (red line) derived in this research according to Swenson et al. [49]
spanning 04/2002~06/2017. (a) ACyg; (b) AC11; () ASq1. Please notice that GAC and GIA are included in this figure.

The annual amplitudes and phases of LDCmgm90 degree-1 Stokes coefficients are
compared with values from RL06 Mascon solutions from CSR and JPL in Table Al. Y-
component annual fluctuation of LDCmgm90 total geocenter variation has good agreement
with CSR and JPL Mascon solutions. However, phases of X- and Z-components of LD-
Cmgm90 total geocenter variation are slightly larger than others. Our X-component trend
also deviates from CSR and JPL Mascon solutions, while X-component and Z-component
are similar to CSR and JPL Mascon solutions separately.

Table Al. Annual amplitudes, annual phase and linear trends of total geocenter variation of 04/2002~06/2017. CSR and

JPL Mascon RL06 solutions are given as reference *.

1

Model X ox Y oy Z oz

Annual Amplitude (unit: mm)
CSR Mascon 2.06 0.02 3.06 0.02 2.84 0.02
JPL Mascon 1.82 0.02 2.88 0.02 191 0.02
LDCmgm90 1.52 0.01 2.93 0.01 1.91 0.02

153



Remote Sens. 2021, 13, 4408

Table A1. Cont.

Model X ox Y oy Z oz
Annual Phase (unit: day) >
CSR Mascon 33.88 0.48 179.56 0.30 34.47 0.42
JPL Mascon 39.48 0.49 179.75 0.31 38.70 0.57
LDCmgm90 58.95 0.50 179.70 0.26 74.57 0.58
Linear Trend (unit: mm/year)
CSR Mascon —0.07 0.05 —0.46 0.05 1.01 0.06
JPL Mascon —0.05 0.04 0.03 0.04 0.58 0.05
LDCmgm90 0.13 0.04 —0.37 0.04 0.62 0.06

! Values in this table are derived by least-square fitting, with o as the formal errors of fitting. > Annual phases are defined by using sine
function. Please notice that to describe the phase shift of the annual signal in its period, the unit of the annual phase is converted from
radians to days by multiplying 365.25/27.

Appendix B. Sources of GPS Measurement Errors and Other Systematic Effects

Ray [1] listed many sources of measurement error and other systematic effects, such
as draconitic errors, local site errors, temperature cycle errors and errors in IERS models.
In this appendix, sources of annual errors are summarized briefly:

e  Draconitic Year Errors

Draconitic year signal (period = 351.2 days) has strong spatial correlations in IGS
position time series [3,4].
o  Temperature Cycle

Thermal cycle of the Earth will cause expansions of antenna structure and surrounding
bedrock [13].

e  Errors in IERS Models

The recommended IERS Conventions (2010) models suffer weaknesses in various
respects, including deficiencies and errors in some models as well as a lack of any standard
model for some effects. Models with known errors include ocean tidal loading [16], diurnal
and semidiurnal EOP tides that cause aliases into longer-period signals [53] though an
alternative model has been put forward outside the formal conventions (https:/ /ivscc.gsfc.
nasa.gov/hfeop_wg/, accessed on 27 October 2021), possible lateral heterogeneity effects
in the solid Earth tidal displacement [54] and the atmospheric pressure loading (e.g., S1, S2).
Time variation of the low-degree geopotential terms has been recognized, but no standard
model is recommended for all techniques. In fact, there have been no major updates to
any IERS models in recent years apart from the return to a secular mean pole model in
2018 that replaced the ill-considered quadratic model recommended for several years. As a
consequence, the techniques and analysis centers have adopted divergent approaches in
some cases.

e  Antenna-Related Effects

Local multipath errors and antenna calibration errors may add aliasing signals to
observation records. Snow, ice cover and rain may also affect antennas by adding annual
signals or changing sky visibility, especially in high latitudes [4]:

Receiver Hardware Change [4]

Troposphere Delay Mismodeling (see for example Martens et al. [41])

Aliasing in Long-Term Time Series Stacking [4]

Processing Differences among Analysis Centers (ACs)

Clear differences between products for the same stations released by ACs sometimes
exist [4].
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Abstract: On 17 June 2020, a large ancient landslide over the Aniangzhai (ANZ) slope, Danba County,
Sichuan Province, China, was reactivated by a series of multiple phenomena, including debris flow
triggered by heavy rainfall and flooding. In this study, Synthetic Aperture Radar (SAR) images
acquired by the Sentinel-1A /B satellite and optical images captured by the PlanetScope satellites
were jointly used to analyze and explore the deformation characteristics and the Spatial-Temporal
evolution of the ANZ landslide before and after the multi-hazard chain. Several areas of pre-failure
movements were found from the multi-temporal optical images analysis before the reactivation of the
ANZ landslide. The large post-failure surface deformation over the ANZ slope was also retrieved by
the optical pixel offset tracking (POT) technique. A major northwest movement with the maximum
horizontal deformation of up to 14.4 m was found. A time-series INSAR technique was applied to
analyze the descending and ascending Sentinel-1A /B datasets spanning from March 2018 to July
2020, showing that the maximum magnitudes of the Line of Sight (LoS) displacement velocities were
—70 mm/year and 45 mm/year, respectively. The Spatial-Temporal evolution over the ANZ landslide
was analyzed based on the time-series results. No obvious change in acceleration (precursory
deformation) was detected before the multi-hazard chain, while clear accelerated deformation can be
observed over the slope after the event. This suggested that heavy rainfall was the most significant
triggering factor for the generation and reactivation of the ANZ landslide. Other preparatory factors,
including the deformation behavior, the undercutting and erosion of the river and the outburst
flood, the local terrain conditions, and earthquakes, might also have played an important role in the
generation and reactivation of the landslide.

Keywords: Aniangzhai landslide; Danba County; multi-hazard chain; time-series INSAR; optical
image analysis

1. Introduction

The movement of a wide range of ground elements, such as rock masses, soil, debris,
or garbage, is referred to as a landslide [1]. Landslides are natural phenomena distributed
all around the world; they pose a severe threat to lives and infrastructures and have caused
enormous loss to our society in terms of safety and economy. A series of geological, hydro-
meteorological, or even human-related factors, such as seismic and volcanic activity [2,3],
climate change [4], heavy rainfall [5-7], subsurface and surface engineering work [8,9], de-
forestation [10], agricultural activities, and urbanization [11], have significantly contributed
to the occurrence of landslides. The southwest part of China is prone to the occurrence of
landslides because of the abundant precipitation and mountainous topography. Sichuan
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Province is the one of the regions in the southwest part of China which frequently suffers
from medium- and large-scale landslides. On 10 July 2013, days of heavy rainfall and
floods triggered a landslide in Sanxi village, Dujiangyan city, Sichuan Province, which
caused 44 fatalities, 117 missing people, and the destruction of 12 houses [12,13]. The
catastrophic 2017 Maoxian landslide in Xinmo village, Sichuan Province, buried 64 houses,
killed 10 people, and left 73 people missing [6,14]. Landslide mapping and monitoring over
these landslide-prone regions is essential for understanding their failure mechanisms and
their long- and short-term evolutions. The measurement of the surface displacement caused
by landslides is the most intuitive indication for understanding the failure mechanisms and
evolution patterns over a long and short period. Conventional field investigation or in situ
measurements can indeed provide a high accuracy of measurements at centimetre to mil-
limetre levels [15-17]. However, the several limitations of these techniques are that: (1) only
measurements on a point-by-point basis can be provided; (2) there is a high demand for
the labour force, the techniques are time-consuming, and there are expensive costs for the
installation and maintenance of the survey network; and (3) plenty of landslides in remote
and rural areas are inaccessible.

The Spaceborne Interferometric Synthetic Aperture Radar (InSAR) technique, as a
radar remote-sensing technique, can measure surface deformation along the radar Line of
Sight (LoS) direction at high accuracy with all-weather and all-day operational capability,
wide spatial coverage, and high spatial resolution (up to 1 m) [18-22]. Multi-temporal
InSAR, also called time-series InNSAR, is an improved InSAR technique. This technique can
significantly minimize the temporal and spatial decorrelation issues in the conventional
InSAR technique. A variety of time-series INSAR approaches were developed by different
researchers, for example the Permanent Scatterer INSAR (PSINSAR™) [23], the Small
Baseline Subset Approach (SBAS) [24,25], and the SqueeSARTM [26], which provide a
chance for researchers to detect the subtle movement of slow-moving landslides and gain
a retrospective view of the historic displacements in the temporal and spatial domain.
Time-series INSAR has been widely and successfully applied in landslide investigation,
including landslide detection [27-29], precursory deformation detection, and pre- and
post-failure analysis [6,30,31], as well as landslide inventory, susceptibility, and hazard
assessment [32].

For example, Intrieri et al. [30] have successfully applied the SqueeSAR™ to detect the
precursors of failure before the 24 June 2017 Maoxian landslide in China; Zhou et al. [33]
used the Stanford Method for Persistent Scatterer (StaMPS) small baselines subset method
with Sentinel-1 images to detect the obvious spatiotemporal deformation of the Muyubao
landslide in the Three Gorges Reservoir area in China; Ciampalini et al. [34] have demon-
strated that the PSINSAR and SqueeSAR™ techniques, with the COSMO-SkyMed (CSK)
images, can be used to further refine the Landslide susceptibility maps (LSM) of the Messina
Province (Sicily, Italy); Dong et al. [35] developed a time-series INSAR method, known as
coherent scatterer INSAR (CSI), which can jointly analyse the persistent scatterers (PS) and
distributed scatterers (DS), and applied it to an investigation of the deformation characteris-
tics of the Jiaju landslide in Danba County, China, using the ALOS PALSAR and ENVISAT
ASAR datasets.

On the other hand, the optical remote-sensing technique can be used for visual inter-
pretation of the Spatial-Temporal evolution of the landslide boundary and the detection of
precursory features such as scarps and cracks over the slope surface. Besides, the optical
pixel offset tracking (POT) technique can be applied to retrieve the horizontal displacement
caused by slope movement with an accuracy of up to about 0.2 pixels of the optical images
used [36-38]. The relatively large displacement (up to tens of metres) of landslide is not
likely to be seen by the time-series INSAR technique due to high decorrelations. More
importantly, the time-series INSAR technique is not sensitive to the movement in the north—
south direction due to the near-polar orbits of SAR satellites [39]. Horizontal displacements
measured by the optical POT technique are therefore an excellent supplement for the
time-series INSAR technique in this regard. Hence, the time-series INSAR technique and the
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optical remote-sensing technique are complementary in their detection of Spatial-Temporal
evolution and their displacement measurements of landslides at different stages.

On 17 June 2020, an intense, short-duration rainfall struck the region of the Aniangzhai
and Guanzhou villages in Danba County, Sichuan Province, China, which triggered a
serious multi-hazard chain along the Xiaojinchuan River and, most importantly, reacti-
vated the ancient Aniangzhai (ANZ) landslide, posing a serious threat to 12 towns and
112 villages along the downstream of the Xiaojinchuan River, including over 20,000 people
in 5000 families. Emergency field investigations were conducted shortly after the occur-
rence of the event, which provided valuable and reliable information for our study [40,41].
The multi-hazard chain was also interpreted and characterized with the use of seismic
signal data [42]. However, these field survey results could not provide a deformation map
with dense measurement points and only post-event information could be obtained. By
using satellite remote-sensing data for monitoring the landslide, the characteristics of the
historic deformation with dense measurement points could be reviewed, and unstable
slopes could be identified in the early stage, which provided significant information for the
early warning of landslides and the emergency response.

In this study, the time-series INSAR technique was applied to process two stacks of
Sentinel-1A /B data (descending and ascending tracks) to map the surface displacement
and explore the Spatial-Temporal evolution of the ANZ landslide. Besides that, a time-
series optical images analysis, based on multi-temporal, high-resolution optical images
acquired from the PlanetScope satellite, was also conducted to investigate the evolution
of the landslide features over the ANZ slope. The large post-failure displacement over
the slope was retrieved using the optical POT technique. The displacement characteristics,
failure mechanism, and triggering factors of the ANZ landslide were further explored and
discussed, based on the radar and optical remote-sensing results.

2. Study Area

As shown in Figure 1a, the ANZ landslide is located in the central-west section of the
Sichuan Province, which is in the southwest part of China, with the location at 30.979° N,
102.024° E. The region lies at the transition zone between the Qinghai-Tibetan Plateau
and the Sichuan Basin where the elevation difference is up to 7000 m (Figure 1b). At the
same time, this region is located at the interaction zone of two large, active fault belts:
the Xianshuihe-Xiaojiang fault in the west and the Longmenshan thrust fault belt in the
east; this is a seismically active region with plenty of active faults around and numerous
geohazards occurring. According to the United States Geological Survey (USGS), there
have been 13 large historical earthquakes with a magnitude of over 6.0 on the Richter Scale
recorded in this region, including the 1933 Myy 7.5 Diexi Earthquake on the Songpinggou
fault [43], the 1973 Mg 7.6 Luhuo earthquake on the Xianshuihe fault [44], and the 2008 My
7.9 Wenchuan Earthquake on the Longmenshan fault [45], as marked by the yellow and
blue stars in Figure 1b. The most recent event was recorded on 20 April 2013, with a
distance of 110 km in the southeast and a magnitude of 6.6 (My).
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Figure 1. Geological setting of the study area: (a) overall location of the study area; (b) regional
tectonic setting and topography map derived from the 1-arc-second Digital Elevation Model (DEM)
of the Shuttle Radar Topography Mission (SRTM) [46]; (c) overview of the multi-hazard chain in the
study area. Black lines indicate the contour lines.

Figure 1c depicts the detailed overview of the multi-hazard chain on 17 June 2020. The
ANZ landslide is located on the left bank of the Xiaojinchuan River. The ANZ landslide
is an ancient landslide that once blocked the Xiaojinchuan River, and it has experienced
slow-creep deformation in recent years, according to local residents [40]. According to local
records, at about 3:00 am on 17 June 2020, the intense rainfall at midnight had triggered
the Meilong debris flow on the right bank of the Xiaojinchuan River. The hillslope failure
with a high elevation brought the deposits of the Meilong debris flow rapidly rushing
down to the Xiaojinchuan River. According to the field investigation [40], the riverbed was
uplifted by approximately 8-12 m, which blocked the Xiaojinchuan River in the upstream
and formed a large dammed lake just behind the Guanzhou power station. A new river
channel was then formed over the deposits, and it flowed down to the toe of the ANZ
landslide, which seriously washed and eroded the toe section. At about 11:00 p.m. local
time on the same day, the dammed lake began to breach and caused a flood [41]. Under
the continuous downcutting and erosion of the new river channel and outburst flood, the
whole toe section of the ANZ slope collapsed on 18 June 2020. Then, the lower and middle
sections of the ancient ANZ landslide were reactivated, and the affected area was named
the reactivated ANZ landslide. That formed a steep face with a slope of about 60-70° and
a height of 60 m at the toe of the ANZ landslide, according to the field investigation. In
contrast, the slope in the middle and upper section was relatively gentle, ranging from 35°
to 45°. The elevation difference of the ancient ANZ landslide is up to 1000 m, with about
3100 m at the top. According to the rainfall data recorded from the Danba Meteorological
Bureau, the annual rainfall in the area of the ANZ landslide is about 532.7-823.3 mm, 80%
of which is mainly concentrated between May and September [40]. The average annual
temperature in this area is 14.2 °C. According to the filed investigation and published work,
the lithology of the ANZ is mainly composed of the Lower Carboniferous Yaoji Formation
(D1q) and the Quaternary sedimentary layers [41]. The bedrock is primarily composed of
limestone, with a generally dipping attitude of N50 — 60°W /NE/70 — 80° and a visible
thickness of 520 m. The avalanche deposits are widely spread over the surface of the
slope, with the thickness ranging from 10 to 50 m. Fifty to eighty percent of this unit is
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rock fragments, which are mainly angular and sub-angular blocks from the detachment
of the rock avalanche. The ANZ landslide is located on a northwest-facing slope, with an
inclination of 50° at the top and 20° at the lower part.

3. Materials and Methods
3.1. Datasets
3.1.1. Optical Images

The PlanetScope satellite can acquire optical images with high resolution (3 m in
pixel size) in near daily global coverage, which can be used as a useful tool for landslide
detection and monitoring [47]. In this study, Planetscope images with four bands (blue,
green, red, and near infrared) were collected from the Planet Labs Company under a
research and education license. The level 3B surface reflectance product of PlanetScope
was chosen as it has been orthorectified and pre-processed with geometric, radiometric,
and atmospheric corrections [48]. A total of nine scenes of Planetscope images from
26 March 2020 to 27 July 2020 were selected with cloud-free (i.e., 0% cloud percentage) and
minimal shadow condition over the ANZ slope. The temporal coverage spans both the
pre-failure and post-failure stages of the multi-hazard chain. The detailed information of
the PlanetScope images is shown in Table 1.

Table 1. Optical images acquired by the PlanetScope satellite for this study.

Stage Imaging Date Sun Elevation Angle (Degree) Sun Azimuth Angle (Degree) Instrument
26 March 2020 55.1° 140.7° PS2.SD
20 April 2020 63.3° 131.9° PS2.SD
10 May 2020 64.7° 115.9° PSs2
Pre-failure 18 May 2020 63.1° 108.3° PS2
30 May 2020 66.7° 107.1° PS2
15 June 2020 66.8° 103.1° PS2
16 June 2020 66.8° 103.1° PS2
. 24 June 2020 69.0° 105.5° PS2
Post-failure 27 July 2020 58.4° 104.2° PSB.SD

3.1.2. Satellite SAR Datasets

In this study, both the descending and the ascending tracks of the C-band Sentinel-
1A/B SAR images in the Terrain Observation by Progressive Scans (TOPS) mode were
collected for time-series INSAR analysis. The TOPS SAR data can cover a swath width
of 250 km at about 5 m by 20 m resolution in the range and azimuth directions, respec-
tively [49]. The basic parameters of the SAR images are shown in Table 2. Fifty-eight
images were included in the descending stack spanning from 27 March 2018 to 2 July 2020
and seventy-one images in the ascending stack for the period from 8 March 2018 to 7 July
2020. The spatial coverages of both tracks are shown in Figure 1b, with black and purple
rectangles for the descending and ascending tracks, respectively.

Table 2. Basic parameters of SAR data.

Satellite Orbit Imaging Mode Imaging Period Heading Angle (°)  Incidence Angle (°)  Number of Images
Sentinel- Descending TOPS 27 March 2018-2 July 2020 169.6° 37.1° 58
1A/B Ascending TOPS 08 March 2018-7 July 2020 —9.8° 44.2° 71

3.1.3. Rainfall Data

The monthly rainfall spanning from 2018 to 2020 was calculated from the daily rainfall
based on the CHIRPS (Climate Hazards Group InfraRed Precipitation with Station) data
from the Google Earth Engine [50,51]. In addition, the daily rainfall data between 1 May
2020 and 17 June 2020, according to the Anianggouer station, were collected from the
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published paper [40], as shown in Figure 2a. The daily rainfall data recorded after the
multi-hazard chain, from 22 June 2020 to 19 August 2020, were also collected from the
locally installed rainfall gauge (Figure 2b) [41]. The locations of the Anianggouer station
and locally installed rainfall gauge are shown in Figure 1c.
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Figure 2. (a) Daily rainfall data between 1 May 2020 and 17 June 2020, before the multi-hazard chain,
according to the Anianggouer weather station from the Danba Meteorological Bureau. The daily
rainfall data were collected from Zhao et al., 2021 [40]. (b) Daily rainfall data between 22 June 2020
and 19 August 2020, after the multi-hazard chain, according to the installed rainfall gauge over the
ANZ slope. These data were collected from Zhu et al., 2021 [41].

3.2. Optical Analysis Method

Three main procedures were conducted based on the collected optical images. Firstly,
true color PlanetScope images were generated by compositing three bands (red, green, and
blue) for the initial visual interpretation of the evolution of the surface features over the
ANZ slope. Secondly, by using the vegetation index, the pre- and post-failure landslide
features can be effectively mapped and detected, and the effect of the mountain shadows
can be minimized. The Atmospherically Resistant Vegetation Index (ARVI) time series
was derived and was then classified using unsupervised classification to investigate the
Spatial-Temporal evolution of the landslide in the pre- and post-failure stages [52]. Finally,
the optical pixel offset tracking (POT) technique was applied to obtain the post-failure
displacement of the ANZ slope.

The interpretation of the landslide features based on true color images could often
be influenced by the shadows in the images as the landslide generally occurred in the
mountain region. Using the Normalized Difference Vegetation Index (NDVI) for the
landslide interpretation could minimize the influence of the mountain shadows [53]. The
ARVI, an improved index compared to the NDVI, uses blue light reflectance measurements
to correct for the atmospheric scattering effects through a self-correction process. The ARVI
calculation can be expressed as [54]:

ARVI = (0ir — P16)/ (Onir + Prp) 1)
Prb = Pred — r)/(pbluf - Pred)
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where 0.y, Preq, and py;, are the near-infrared, red, and blue bands, respectively. The
assumption that oy = 1 is often used unless the aerosol model is known a priori.

In this study, the ARVI was calculated based on Equation (1) using the collected
PlanetScope images. These images were divided into two groups: the pre- and post-failure
groups. The ARVI images in the pre-failure and post-failure groups were stacked to form
the time-series ARVI with 6 and 2 layers, respectively, in a chronological order using the
Layer Stack module in the ENVI software. Then, the K-means unsupervised classification
method was applied to classify the pre-failure time-series ARVI and the post-failure time-
series ARVI image. The number of classes was set to 5 with other the default parameters in
the classification process.

COSI-Corr, a useful POT software for measuring sub-pixel ground surface deformation
based on the image correlation method [55], was used to map the post-failure displacement
over the ANZ slope. The PlanetScope image pair between 16 June 2020 (pre-failure) and
24 June 2020 (post-failure) was chosen as the input data, and the red band was used for the
POT calculation. The combinations of the initial and final window sizes used in this study
are 128 and 64, respectively, which can reduce the background noise and uncertainties [56].
Three layers of the POT results can be derived, including displacements in the east-west
and north-south directions, and the signal-to-noise ratio (SNR). Positive values in the east—
west and north—south displacement layers indicate eastward and northward movements,
respectively. Displacements to the west and south are represented by negative values. The
range of SNR values is from 0 to 1, and the higher value suggests the measurement with
the higher quality. Measurements with an SNR value of less than 0.95 were masked in
the east-west and north-south displacement datasets. To reduce the mismatch error for
the image pair, a stable area was selected near the ANZ slope. The displacements derived
from the stable area can be used to depress the background noise through removing the
co-registration errors within the image pair used. In this case, the mean east-west and
north-south displacement derived from stable area was used to correct the image mismatch
and generate the final corrected east-west and north-south displacement. The standard
deviations of the east-west and north-south displacements in the stable area were used
justify the uncertainties of the results [56]. The overall horizontal displacement was then
calculated based on the corrected east-west and north—south displacements.

3.3. Time-Series InSAR Analysis Method

The Persistent Scatterer (PS) and Small Baseline (SB) approaches were both exploited
and jointly processed for the time-series analysis. The combination of PS and Coherent
Scatterer (CS) points was applied to increase the density of the measurement points (MPs)
in the rural and mountainous region. Three major processing steps are included: PS
processing, SB processing, and combination processing of the PS and CS targets. The
Sentinel-1 datasets were pre-processed using the TOPSAR stack processor module in the
Interferometric synthetic aperture radar Scientific Computing Environment (ISCE) software
to generate single-master and multiple-master differential interferograms stacks [57]. Time-
series analysis was then conducted using the Stanford Method for Persistent Scatterers
(StaMPS) software based on the differential interferograms generated [58].

As for the PS processing, the PS candidates were initially selected based on the
Amplitude Dispersion Index (ADI) [23]. The pixels with ADI values over 0.4 were initially
selected as the PS candidates. Then, the final PS targets are further selected based on the
phase stability criterion [59].

For the case of the SB processing, the Spatial-Temporal distribution of the interfero-
metric combination of the Small Baseline network is shown in Figure 3. The perpendicular
baseline for over 90% of pairs was less than 100 m due to the precise orbit control of the
Sentinel-1A /B satellites. To ensure low temporal decorrelation, the maximum temporal
baseline was set to 120 days. The CS points were selected based on the amplitude difference
dispersion (Da ), which is similar to D4 [58].
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Figure 3. The interferometric combination of Small Baseline network for Sentinel-1A /B: (a) descend-
ing track and (b) ascending track. The red circles and black lines represent SAR image acquisitions
and interferometric pairs, respectively.

For both the PS and the SB processing, the topographic effects were removed using
the 1-arc-second SRTM DEM [46]. The overall wrapped differential phase ¢p; s of a pixel
cell after flattening and removing the topographic phase can be expressed as follows:

Ppiff = W{(PDefo + @ Atmos + Porv + PDEM + <PN} (2

where W{} denotes the wrapping operator. ¢p,s, represents the Line of Sight (LoS)
deformation phase term. @ a5 indicates the atmospheric delay phase and ¢g,y is the
phase caused by orbit error. ppgp represents the residual topographic phase caused by the
DEM error and ¢y is the random noise phase, including thermal noise and co-registration
error. The deformation phase can be estimated and separated from the other phase terms
by iteratively filtering in the temporal-spatial domain. The detailed processing chain can
be referred to in [58,60,61].

The displacement velocities measured from the times-series INSAR are along the radar
Line-of-Sight (LoS) direction. Therefore, the displacement measured from the time-series
InSAR is a composite of vertical, easting, and northing displacement components, which
can be written as [62-66]:

Dy
Dg
Dy

[ cos(8) —sin(f)cos(a) sin(0)sin(a) ] = Dpos (3)

where 6 is the incidence angle and « is the heading angle of the satellite (positive clockwise
from the north). Dy, Dg, and Dy are the vertical, eastward, and northward displacement,
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respectively. Dy ,g is the displacement measured in the radar LoS direction. Ideally, mea-
surements from at least three viewing geometries are needed to resolve the 3D deformation.

4. Results
4.1. Landslide Evolution and Deformation Mapped by Optical Datasets
4.1.1. Landslide Evolution Revealed by the Time-Series Optical Analysis

Visual interpretation based on multi-temporal optical images can provide useful
information from identifying surface moving features, which could directly reflect the
formation and evolution of landslides. As shown in Figure 4, true color images were
synthesized with three bands: red (B3 at 590-670 nm), green (B2 at 500-590 nm), and blue
(B1 at 455-515 nm). Before 17 June 2020, there were three flows on the pre-failure surfaces
observed, with two small masses over the main slope and a long flow at the upper neck.
After the multi-hazard chain occurred on 17 June 2020, the collapse area could be clearly
observed at the toe of the landslide, and the Xiaojinchuan River extended much wider
because of the flooding caused by the debris flow at the upstream.
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Figure 4. Time-series true color images derived from multi-temporal optical images from the Plan-
etScope satellite over the ANZ Landslide, with acquisition dates annotated in the upper-right corners.

A long stripping flow was detected close to the left boundary of the ancient landslide
area. At the same time, multiple dislocations could be clearly observed over the roads at the
middle of the slope, which was also consistent with the published field investigation [40].
Two obvious head scarps at the middle were detected on the post-failure image acquired
on 24 June 2020, and it possibly penetrated down to the toe through the multiple road
dislocations at the upstream section. Those two head scarps were connected from the image
acquired on 27 July 2020. No obvious changes were seen at the pre-failure flowing mass on
the upper neck.
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Time-series ARVI images were generated based on high-resolution PlanetScope images
acquired from 26 March 2020 to 27 July 2020, as shown in Figure 5. The pre- and post-failure
flows over the slope can be obviously detected over the slope due to the bright background
and reduced influence of the mountain shadows. It is noted that the head scarps were
clearly observed to run through and down to the toe of the slope in the post-failure ARVI
image. For further investigation of the evolution of the landslide features over the slope, the
K-mean unsupervised classification based on the time-series ARVI images was conducted.
Two groups were divided, corresponding to two different stages: the pre-failure stage
(10 May 2020-16 June 2020) and the post-failure (24 June 2020-27 July 2020) stage, as shown
in Figure 6. The ARVI image on 30 May 2020 was discarded in the K-mean unsupervised
classification due to limited ground coverage. Five major classes were identified over the
slope. Class 1, with a red colour, consists of ground features with the lowest ARVI value,
including river and bare soil land. Class 2, with a pink colour, represents features with a
medium-low ARVI value, including road, landslide scarps, and buildings. The landslide
area includes flows, bare soil land, and landslide scarps. Therefore, the flows could be
jointly covered by class 1 and 2 in this case. Class 4 and 5 represent ground features with a
high ARVI value, including evergreen, tall, and dense vegetation over the slope. Class 3
is the transition zone among classes 1-2 and classes 4-5, possibly representing unstable
vegetation cover over this zone.

Landslide scarps and flows can be distinguished from rivers, roads, and buildings
as they are irregular features and located on the same slope. As shown in Figure 6a,
the Xiaojinchuan River and roads, as linear features, are detected in class 1 and class 2,
respectively. At the same time, three pre-failure flows were clearly detected during the
pre-failure stage, with two at the centre slope and one at the upper slope. As for the
post-failure stage on 24 June 2020 and 27 July 2020 in Figure 6b, the Xiaojinchuan River was
obviously much wider than before due to the occurrence of flooding caused by the debris
flow on the upstream. The post-failure flow next to the left boundary at the downstream
section was observed, with an area up to 22,000 m?2. The pre-failure flow at the centre
upstream was extended further when compared with that from the pre-failure stage, while
no obvious change was observed for the pre-failure flow at the upper slope.

4.1.2. Post-Failure Displacement Detected from Optical Pixel Offset Tracking

Figure 7 shows the optical POT results between one pre-failure image on 16 June
2020 and one post-failure image on 24 June 2020. Positive values in the east-west and
north-south measurements indicated that the slope moved towards the west and north
directions, respectively. Westward and southward movements are represented by negative
values. The standard deviation of the east-west and north—-south displacements in the
stable are 0.43 m and 0.49 m, respectively. These minor standard deviations indicated
that the selected stable area is reliable and can be used to derive the corrected east-west
and north-south displacements [56]. As shown in Figure 7a,b, post-failure movement
over the reactivated landslide area can be clearly observed from both the west—east and
north—south directions. The horizontal displacement is generated by combining these two
measurements in different directions (Figure 7c). The ANZ slope mainly moved towards
the northwest direction, with the maximum west and north displacement up to —13.7 m
and 10.0 m, respectively. The horizontal displacement peaks at 14.4 m, and most of the large
displacement ranging from 12.0 to 15.0 m, were found at the middle and upstream section
of the reactivated landslide area. However, less than 4 m of horizontal displacements
were observed in the upper section of the ancient landslide area during this period. The
overall reactivated boundary of the ANZ landslide can be clearly observed from the ancient
landslide area, showing an hourglass-shaped boundary from the top to the bottom.
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4.2. Deformation Velocity Measured by Time-Series InSAR Analysis

The LoS displacement annual-velocity map can be obtained from the time-series INSAR
processing of the Sentinel-1A /B datasets from the descending and ascending orbits, as
shown in Figure 8. The measurement points with a red colour (negative values) represent
targets moving away from the satellite along the LoS direction, while those with a blue
colour represent motion toward the satellite. Due to dense vegetation cover and steep
topography over the region, only limited measurement points were obtained. According to
the deformation characteristics and local topography, the ANZ landslide can be divided
into four zones: the central deformation zone (I), the landslide toe collapse zone (II),
the upstream deformation zone (III), and the landslide shoulder deformation zone (IV).
Deformation caused by the slope movement can be clearly observed from the descending
measurement at the central deformation zone (I), the landslide toe collapse zone (II), and
the upstream deformation zone (III), mostly ranging from —20 to —50 mm/year, as shown
in Figure 8a. The maximum magnitude of deformation velocity was up to —70 mm/year,
which was found at landslide toe collapse zone (II) near the Xiaojinchuan River. On the
other hand, the land surface was evolving less over the landslide shoulder deformation
zone (IV), and the deformation velocity ranging from 15 to —30 mm/year was observed.
As for the ascending measurement shown in Figure 8b, the overall detected deformation
velocity is smaller than the descending measurement because of the lower sensitivity of
the ascending SAR data for the northwest-facing slope [67]. The density of measurement
points is also lower, relatively, than that from the descending orbit. The deformation rate of
most measurement points was between 5 to 15 mm/year along the LoS direction. Similarly,
the largest deformation was found at zone (II), with a rate of 45 mm/year along the LoS
direction. In the upstream section of zone (II), where there was no measurement point
detected from the descending SAR data, it was detected to be unstable, with most of the
points ranging from 20-45 mm/year from the ascending data, which could probably be
uplifted accumulation at the left bank of the Xiaojinchuan River. In addition, much smaller
deformations were observed at zone IV, with the deformation rate ranging from —10 to
7 mm/year.
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Figure 8. LoS deformation velocity detected from the Sentinel-1: (a) descending dataset and (b)
ascending datasets. Black star represents the reference point, and the black circles represent the
selected measurement points.

Beside the ANZ landslide, an unstable slope was detected 200 m away from the
right side of the ANZ landslide, with its maximum deformation velocity up to 19 and
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30 mm/year from the descending and ascending measurements, respectively. As both
measurements showed positive movement over the detected unstable slope, such an area
is likely to be an uplifted area. The location of this unstable slope is just above the dammed
lake and next to the Guanzhou power station, which could form a secondary landslide and
causes a serious threat to the station.

In many InSAR studies, the LoS displacement measured from time-series INSAR can
be projected into the vertical direction by assuming that there was no displacement in
horizontal direction [63,68], whereas in this case the horizontal displacement was obviously
detected over the ANZ slope from the optical POT result (Figure 7) and could not be
neglected. In order to conduct a cross-validation between the descending and ascending
measurements, a stable area over the Guanzhou power station was selected. This power
station is expected to be relatively stable (i.e., no deformation) during the InSAR acquisition
period. Both the ascending and the descending measurements were first projected into the
vertical direction by dividing the cosine of the local incidence angle, and the differences
between the projected vertical displacements from both tracks were calculated. The stan-
dard deviation of the calculated differences is 5.5 mm/year. As shown in Figure 9, the
differences were mainly distributed in the range of —5 mm/year to 5 mm/year, accounting
for over 60% of the measurement points, indicating that the two measurements are highly
correlated with each other and that the time-series INSAR results are reliable.
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Figure 9. Cross validation based on the differences between the projected vertical displacements
from the descending and ascending INSAR measurements.

5. Discussion
5.1. Temporal-Spatial Evolution of the ANZ Landslide

To further investigate the temporal evolution of the pre-failure slope stability and
whether there were any precursory signals detected before the multi-hazard chain, a
time-series analysis of selected measurement points was conducted (Figure 10). Several
measurement points at four deformation zones of the ANZ landslide were selected, as
marked by the black circles in Figure 8. In order to investigate the effect of local rainfall on
the ANZ landslide, the monthly rainfall was calculated from the daily rainfall based on the
CHIRPS (Climate Hazards Group InfraRed Precipitation with Station) data from the Google
Earth Engine [50,51]. The mean of the measurement points in a specific spatial distance
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(with a radius of 30 m) was calculated to eliminate possible gross errors. Figure 10a shows
the time-series deformation of selected points (P1 and P2) at zone (I). Due to different
observation geometries of the descending and ascending data for the direction of the
slope movement, the LoS time-series deformations at point P1 show opposite trends.
That is consistent with the northwest movement detected from the optical POT result. No
obvious acceleration in surface movement was detected from the descending and ascending
measurements before the multi-hazard chain on 17 June 2020. Before the occurrence of
the multi-hazard chain, only a 6 mm change in cumulative deformation was observed
at point P1 between 1 June 2020 and 13 June 2020 from the ascending track. A sudden
acceleration in surface movement can be observed at point P1 from the ascending track
between 25 June 2020 and 7 July 2020, moving at approximately 14.5 mm along the LoS
direction within the final acquisition (12 days). According to the local rainfall data collected
from 22 June 2020 to 19 August 2020, a maximum daily rainfall of 10.2 mm was recorded
on 5 July 2020 (Figure 2b). This sudden change in surface movement was responding to
the intense daily rainfall recorded on 5 July 2020. An accelerated displacement was also
observed from a field survey on 5 July [41], showing that our INSAR result is in good
agreement with the field data. Conversely, a linear growth trend can be observed from
the descending measurement at point P1 until 2 July 2020. A gentle acceleration can be
observed at point P2 from the descending measurement between 8 June 2020 and 2 July
2020, and the cumulative deformation over the observation period is up to 110 mm.

At zone (II), the cumulative deformations at point P3 and P4 are 83 mm and —130 mm
for the observation period, respectively, which are significantly larger than those at point
P5 from both datasets, as shown in Figure 10b, and are probably caused by serious washout
and erosion of the river and the outburst flood caused by the Meilong debris flow at the
upstream and middle section of zone (II), where point P3 and P4 were located (Figure 8).
The rainfall season started in June with the intense rainfall of 38.1 mm recorded before the
multi-hazard chain on 17 June 2020. During this period, a clear acceleration in deformation
can also be observed at point P4 from the descending track, falling about 17 mm between
8 June 2020 and 2 July 2020. A sharp drop in cumulative deformation was obtained from
the ascending measurement at point P3 between 13 June 2020 and 25 June 2020 when the
multi-hazard chain occurred, which could have been caused by the collapse of the landslide
toe at the upstream section after the multi-hazard chain.

Figure 10c shows the time-series deformation at zone (III), the upstream section of
the ANZ landslide. The cumulative deformations at point P6 are 46 mm and 71 mm for
the descending and ascending measurements, respectively, which are both smaller than
those at zones (I-II). Similarly, there is a sudden acceleration in displacement observed at
point P6 from the ascending datasets from 1 June 2020, rising about 30 mm in about one
month. This is consistent with the rainfall season in June and the intense daily rainfall
recorded on 5 July 2020 (Figure 2). However, no obvious acceleration was detected from
the descending datasets.

The landslide shoulder zone (IV) is located at the upper section of the ancient landslide
area and close to the downstream section. Before June 2019, the cumulative displacements
for all of the two selected points in both tracks were fluctuating within a range of —20 mm
to 20 mm, which indicated that this section was in a relatively stable stage.

At point P7 (Figure 10d), both the descending and the ascending measurements
captured a clear acceleration at the last three acquisitions, mainly after the multi-hazard
chain and with the increasing monthly rainfall in June and July, moving 22 mm and
30 mm within one month, respectively. Point P8 is located at the pre-failure flow in the
upper section detected from the optical image analysis (Figures 4 and 5). The cumulative
deformation is smaller at point P8 in both datasets, mostly ranging from —30 to 30 mm.
It is noted that a similar acceleration of deformation was also captured by the ascending
measurements at point P8, rising about 25 mm in the last two acquisitions, which is
consistent with the ascending measurement at point P7.
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Figure 10. Pre-failure time-series plotting for selected measurement points from the different zones:
(a) central zone (I); (b) landslide toe zone (II); (c) upstream zone (III); (d) landslide shoulder zone (IV);
(e) unstable slope (V) zone in the pre-failure mean velocity map (Figure 8). Red dashed line indicates
the reactivation of the ANZ landslide.
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The time-series deformation over the detected unstable slope, located on the right side
of the ANZ landslide, is shown in Figure 10e. The maximum cumulative deformations are
63 mm and 126 mm for the descending and ascending measurements, respectively. It was
found that acceleration in deformation was detected from the descending measurement
since the end of May in 2020, moving 22 mm within the final four acquisitions, which
agreed with the increasing monthly rainfall in June. A dramatic change of cumulative
deformation was also found at the final two acquisitions (25 June 2020 to 7 July 2020) from
the ascending measurement, surging 30 mm within just 12 days, which is a response to the
intense rainfall recorded on 5 July 2020, suggesting that this unstable slope may develop to
failure after this event and that continuous monitoring should be further conducted over
this site.

To further explore the deformation evolution in the spatial domain, the cumulative
LoS deformation maps of the descending and ascending measurements are depicted in
Figures 11 and 12, respectively. Sixteen acquisitions were selected and referred to the initial
acquisition dates on 27 March 2018 and 8 March 2018 for the descending and ascending
maps, respectively. From the joint analysis of the descending and ascending cumulative de-
formation maps, the central and toe sections of the ANZ slope were found to move initially
in January 2019. It is noted from the descending map that the deformation detected at the
central section gradually expanded to the surrounding areas with increasing cumulative
deformation within the reactivated ANZ landslide area. Most of the points in the upper
section were in a relatively stable state with much smaller cumulative deformations. Most
importantly, no obvious accelerations were found in the cumulative deformation before
the multi-hazard chain on 17 June 2020 from either of the measurements. However, clear
changes in deformation can be observed over several sections of the ANZ slope from both
measurements after the multi-hazard chain.

5.2. Deformation Mechanism and Triggering/Preparatory Factor Analysis

When comparing the Spatial-Temporal evolution between the different zones above, it
is clearly seen that the movement of zones (I-II) at the central and toe sections of the ANZ
landslide has occurred since September 2018, long before the obvious movement detected
at zone (IV) in the upper section since June 2019. After the expansion of deformation
at the central section and following the collapse of the toe section, the upper section
gradually lost support at the bottom and presented movement. It is clearly seen that the
deformation at the upper section was much smaller than that from the central and toe
section, which indicated that the ANZ landslide was characteristic of the retrogressive
failure mechanism [69]. After the occurrence of the multi-hazard chain on 17 June 2020,
obvious accelerations of deformation from several sections of the ANZ landslide were
clearly captured by the Spatial-Temporal analysis of the time-series INSAR result. It is
evident that the reactivated ANZ landslide presented an acceleration between 17 June 2020
and the beginning of July 2020, which is highly consistent with the field survey [40,41].
At the same time, an unstable slope next to the ancient ANZ landslide was detected from
the time-series INSAR analysis, and it also presented an accelerated deformation similar to
that of the reactivated ANZ landslide after the multi-hazard chain. Therefore, continuous
monitoring over this area is essential for further assessment of the post-failure stability and
the detection of secondary landslides.
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Figure 11. Descending cumulative LOS deformation of the measurement points located at the
Aniangzhai slope for the 16 selected acquisition dates of Sentinel-1 descending datasets, referring to
the first SAR image acquired on 27 March 2018.

It is noted that a recently published work [70] found a clear acceleration over the upper
parts of the ANZ landslide starting in spring 2020 from the multi-temporal INSAR analysis
with the descending Sentinel-1A dataset [70]. However, the InNSAR results obtained in this
study suggested that no obvious accelerations were detected before 17 June 2020, with both
the descending and the ascending Sentinel-1A datasets, which is consistent with another
published InSAR result with shorter temporal coverage (study period from 20 April 2018
to 20 May 2020) [41]. Such inconsistencies between the INSAR results could be caused by
different datasets and the pre-processing and post-processing strategies. Most importantly,
it is consistent that all three InSAR results confirmed the clear displacements over the ANZ
slope before the event, ranging from —50 to —80 millimetres/year.
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Figure 12. Ascending cumulative LOS deformation of the measurement points located at the Ani-
angzhai slope for the 16 selected acquisition dates of Sentinel-1 descending datasets, referring to the
first SAR image acquired on 8 March 2018.

According to the rainfall data collected from the Anianggouer weather station, the
cumulative rainfall from 1 May to 17 June 2020 was over 250 mm and the daily rainfall
on 17 June 2020 was up to 38.1 mm, as shown in Figure 2a [40]. The Spatial-Temporal
evolution of the ANZ landslide from the time-series INSAR analysis clearly revealed that
there was no obvious acceleration (precursory signal) detected before the failure of the
multi-hazard chain on 17 June 2020, which is consistent with the published results [41].
This also suggested that the intense rainfall from May to June 2020 was one of the most
significant triggering factors for the ANZ landslide. In addition, several preparatory factors
also contributed to the occurrence of the ANZ landslide. Firstly, the short, intense rainfall
event on 17 June 2020 indeed triggered the failure of the Meilong debris flow, and then,
the undercutting river and outburst flood from the dammed lake seriously damaged the
stability of the toe section of the ANZ slope. The following collapse of the toe section further
reactivated the ANZ landslide and formed the accelerations of deformation. Secondly, the
ANZ landslide was located on a region with numerous active faults where numbers of
strong earthquakes occurred. The frequent occurrence of earthquakes would significantly
shake the ANZ slope and develop fractures and cracks over the slope, which could make
the slope looser and slide more easily. At the same time, the dip angle of the landslide
toe is up to 70°. It is prone to fail under the effect of gravity and long-term washout and
erosion of the underlying river. The ANZ landslide body mainly consists of decimetre-scale
angular and sub-angular blocks, which make it easier for the rainwater and groundwater
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to infiltrate into the surface layers of the slope. This would increase the weight of the
soil in the surface layer and result in the reduction in the shear strength of the soil and
gradually contribute to the generation of a sliding surface over the slope. Besides that,
based on the high-resolution true colour images shown in Figure 4, multiple man-built
roads laterally crossed the middle section of the ANZ slope. When intense rainfall occurs
in a short duration, a large amount of rainwater will infiltrate the surface layer of the slope.
These roads in the middle section could temporally block the flow of rainwater over the
surface, which would probably have an influence on the movement of the superficial layers
over the slope. It is also consistent with the larger magnitude of deformation in the middle
section detected from the optical POT result in Figure 7. At the same time, from the true
colour images, there are no roads built in the upper section. Therefore, the magnitude of
deformation is much smaller from the optical POT result. The time-series INSAR result also
confirmed that the cumulative deformation in the upper section is smaller than the lower
section. Thus, it is believed that human activities might also have some influence on the
more superficial movement of the slope. Above all, the ANZ landslide was likely triggered
by the heavy rainfall, and several preparatory factors, including wash-out and erosion of
the river and outburst flood, seismic activities, and local terrain conditions over the slope,
also make significant contributions to this event.

6. Conclusions

In this study, the deformation characteristics and Spatial-Temporal evolution of the
ANZ landslide were investigated in detail by the joint use of multi-temporal optical images
and time-series INSAR analysis. The analysis of multi-temporal optical images clearly
showed the spatial evolution of pre- and post-failure landslide features over the slope.
Several pre-failure flows over the slope were observed. The post-failure displacement
was retrieved with the optical POT technique. These optical POT results revealed that the
maximum horizontal displacement was up to 14.4 m, and the ANZ slope mainly moved to-
wards the northwest direction. The deformation velocity and time series of the reactivated
ANZ landslide was also retrieved using time-series InNSAR analysis with Sentinel-1A /B
datasets from the descending and ascending tracks. The maximum magnitude of the LoS
deformation velocity was up to —70 mm/year and 45 mm/year from the descending
and ascending measurements, respectively. The large deforming areas were found at the
landslide toe collapse zone. A large deforming area with a velocity of —20 to —50 mm/year
was clearly observed from the descending measurement at the central zone over the ANZ
slope. At the same time, an unstable slope was detected on the right side of the ANZ
landslide. Most importantly, the time-series analysis of multiple sections over the reacti-
vated ANZ landslide showed that no obvious accelerations of deformation (precursory
deformation) were detected before the multi-hazard chain on 17 June 2020. However, after
the occurrence of the multi-hazard chain, obvious accelerations can be observed over the
ANZ slope, which suggested that the ANZ landslide entered the acceleration status after
the reactivation. Through comparing the Spatial-Temporal evolution between different
zones of the slope, it is evident that the ANZ landslide presented retrogressive failure mode.
The Spatial-Temporal evolution and deformation behaviour derived from the time-series
InSAR result suggested the occurrence of the ANZ landslide is not the result of a single
triggering factor due to heavy rainfall, but a joint effect of several preparatory factors,
including frequent seismic activities, serious wash-out, and erosion of the river and the
outburst flood and local terrain conditions.

Satellite SAR interferometry demonstrated its effectiveness and usefulness for map-
ping and monitoring the surface deformation caused by landslides over a long period. At
the same time, the optical remote-sensing technique can provide valuable supplementary
information about landslide features and extremely large deformation-of-slope move-
ments. On-going monitoring of the reactivated ANZ landslide is recommended as the ANZ
slope presented a clear acceleration after the multi-hazard chain. Therefore, continuous
monitoring of the slope is essential for the detection of further failure and for emergency
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response. Thus, further investigation of post-failure monitoring with the time-series INSAR
technique and optical time-series analysis with the POT technique will be studied in our
future research.
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Abstract: Ground deformation measurements in mining areas play a key role in revealing the
surface subsidence law, retrieving the subsidence parameters, warning of geological disasters and
restoring the surface ecology. With the development of science and technology, there have emerged
a great number of monitoring techniques and buildings of diverse protection levels. The diversity
of monitoring techniques and the multiplicity of monitoring objects have brought challenges for
surface deformation monitoring in the coal industry. Based on the existing deformation monitoring
techniques, this paper established a framework of “space-sky-ground” collaborative monitoring
system in mining area. We also constructed an AHP-TOPSIS (Analytic Hierarchy Process method-
Technique for Order Preference by Similarity to an Ideal Solution) preference model of “space-sky-
ground” collaborative monitoring of surface deformation in mining area, and carried out engineering
application. Our study shows that the framework of the “space-sky-ground” collaborative monitoring
system for surface subsidence in mining areas established in this paper, combined with the AHP-
TOPSIS monitoring preference model, which can fully combine the advantages of each monitoring
technique, overcome the limitations of a single monitoring technique, comprehensively obtain the
surface subsidence data and work out the surface deformation subsidence pattern. This information
provides a data and technical support for surface environment management.

Keywords: “space-sky-ground” collaborative monitoring framework; mining subsidence; preference
model; AHP-TOPSIS

1. Introduction

Despite the development of science and technology, coal-oil-gas still plays a key role in
government development strategies, which cannot be replaced within a short-time period.
What is more, due to its abundant reserves and relatively low cost, coal occupies a crucial
position in energy consumption. Large-scale exploitation of coal resources, however, has
resulted in a series of negative consequences, including land subsidence and collapse,
damage of ground infrastructure and geological hazards—which pose a threat to the
sustainable development of local environment and ecology. Government departments and
relevant industry associations have established a great number of laws and regulations to
ensure the sustainability of coal mining [1]. However, coal mining still affects the normal
operation of local buildings and damages ecological balance. Therefore, it is necessary
to set up a framework of “space-sky-ground” collaborative monitoring system to obtain
accurate surface subsidence to fully understand the surface subsidence pattern in mining
areas, which is important for ecological restoration and mining subsidence management.
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Vertical land subsidence and horizontal movement are the two basic movement quan-
tities of surface deformation in mining areas [2,3]. Conventional measurement includes
two conventional instruments, levelling and total station, which have been developed
from traditional optical instruments to current electronic automatic measurement instru-
ments, thanks to the development of production and continuous progress of science and
technology. In the monitoring of surface subsidence in mining area, the arrangement of
surface observation station is divided into profile line and mesh. The profile line observa-
tion station can obtain the surface movement pattern of the main section, but the surface
deformation pattern of the whole basin cannot be recognized; the mesh observation station
can obtain the surface deformation information of the whole mining subsidence pattern,
but the arrangement process is limited by the topographic factors. The workload is large,
time-consuming and labor-intensive, and the deformation law of the discrete points ob-
tained cannot completely present the surface of the mining area. Moreover, the traditional
measurement cannot collect data under all-time conditions [4]. Therefore, the application
of new technologies to surface deformation monitoring in mining areas has become a new
development trend.

Emerging technologies have great potential for monitoring surface deformation and
can significantly optimize data-collecting abilities, making it possible to obtain a full
range of multi-temporal subsidence patterns in subsidence areas. The Global Navigation
Satellite System (GNSS) can rendezvous the location of unknown points on the ground
(user receivers) using known spatial positions of more than three satellites [5], and with the
availability and selectivity of a sufficient number of satellites, GNSS can be applied to the
monitoring of ground subsidence. Parul R. Patel analyzed the correlation between ground
subsidence, oil and gas production and pressure depletion [6]. Researchers also have
applied GNSS technology to aquifer compaction ground subsidence due to groundwater
pumping, and settlement monitoring in metal mining [7-9]; Interferometric Synthetic
Aperture Radar (InSAR) is a new technique for ground deformation monitoring with
accuracy at the centimeter or even millimeter level [7]. Three-dimensional laser scanning
technology (TLS) is a convenient and accurate way to obtain the distance of all targets by
acquiring the real three-dimensional coordinates of the targets, and it shows advantages
such as fast speed, short cycle time and no need for contact in the monitoring of surface
subsidence areas in mining areas. It can also obtain the three-dimensional point cloud data
of the whole area, which is able to reflect more comprehensive deformation information of
the subsidence area [10], which has been applied to smart grid 3D model reconstruction,
geological disaster mapping, monitoring and modeling [11-13]; Unmanned Aerial Vehicle
(UAV) photogrammetry system, which generates various data sets containing point clouds,
4D products, etc. [14-16], has been widely used as a fast and flexible data acquisition
system for remote sensing of mine sites, aerial physical prospecting and topographic
surveys [17-20]. The mentioned modern observation techniques have been widely used in
surface deformation monitoring. Many scholars have contributed to the comprehensive
understanding of surface deformation by improving observation accuracy through data
acquisition and data processing methods [21-28]. Meanwhile, many studies simultaneously
use one or two traditional measurement techniques and modern techniques to study and
analyze surface subsidence, but few studies combine the advantages of various techniques
for analysis [29-32]. Since different techniques have different advantages, it is often difficult
to obtain the comprehensive surface subsidence pattern in mining areas by using a single
deformation monitoring techniques.

The diversity of emerging monitoring technologies and the diversity of monitoring
targets bring challenges for surface subsidence monitoring. How can different monitoring
technologies be combined with the factors affecting them to better serve surface subsidence
monitoring in mining areas? The AHP (analytic hierarchy process method) has important
advantages in terms of weighting procedures for pairwise comparisons and has been
widely used in areas such as decision analysis of supply chain networks and mining
methods [33-35]. TOPSIS (Technique for Order Preference by Similarity to an Ideal Solution)
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selects the optimal solution by ranking it with the similarity to the ideal solution [36,37].
AHP-TOPSIS is a widely accepted multi-attribute decision making technique that considers
the ideal and anti-ideal solutions, and the calculation process is easy to program [38,39].
The TOPSIS method is able to combine multiple indicator factors of a solution, but for
multi-factor analysis and weight calculation it is difficult and complex, the AHP method
overcomes this disadvantage and ensures the global optimality of the algorithm. AHP-
TOPSIS has been widely used in other fields [40-43]. Therefore, this paper introduces the
AHP-TOPSIS model into the preferred model of surface subsidence monitoring techniques
in mining areas.

Based on the characteristics of surface deformation in the mine area and the advantages
of existing monitoring techniques, this paper established the framework of the “space-
sky-ground” collaborative monitoring system for surface subsidence, and con-structed
an AHP-TOPSIS surface monitoring method preferential model under three constraints:
natural factors, target constraints and site needs. The established “space-sky-ground”
collaborative monitoring framework and the preferred model were applied to the surface
subsidence monitoring of the 401 working face of Shendong coal mine, and we obtained the
results of a single technology, and the surface subsidence basin and surface discontinuous
deformation information of the mine area under the “space-sky-ground” collaborative mon-
itoring framework. We also discussed the advantages of integrating multiple monitoring
technologies under the “space-sky-ground” collaborative monitoring framework.

2. Methodology
2.1. Surface Deformation in Mining Area

Surface deformation process: Before the mining of coal resources, the underground
rock was in a relatively balanced state. Underground mining of ore bodies destroys the
original stress balance state of surrounding rock, causes stress redistribution, and results
in a new balance. In this process, rock movement and destruction are also called strata
movement. Underground mining is the driving force of rock movement, which is the
internal cause of surface subsidence, and surface subsidence is the external performance of
rock movement. Mining subsidence from mined-out area to the surface of surrounding
rock, in general, is the process of attenuation of the degree of damage and expansion of the
range of movement, which has a great impact on the local environment, resources, land
and human activities. After the coal was mined out, the overlying strata collapsed and
filled the goaf, as shown in Figure 1.

’ ’ Surface water area due to mining subsidence . ,

Figure 1. Mining damage transfer process.

Surface deformation is an external form if damage caused by coal mining, and it can
be categorized into continuous and discontinuous deformation:

(1) Continuous deformation: Subsidence is a general description of movement and
deformation. According to the different ways, directions and properties of movement
and deformation, the subsidence conditions of rock strata and surface are described as
subsidence, inclination, curvature, horizontal movement and horizontal deformation.
The above-mentioned five basic movement and deformation variables are usually
used. Damage of continuous deformation to the surface is shown in Figure 2a—c. The
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©)

(d)

trajectory of the surface point depends on the relationship between the surface point
and the relative position of the working face in time-space. In general, the moving
vector of each point on the surface above the bending zone points to the center of the
moving basin from both its starting and ending relative positions.

Discontinuous deformation: Discontinuous deformation refers to the large surface
displacement over limited surface area with steps or discontinuities in the surface
profile, discontinuous deformation within underground coal mining rock formations
contains: (a) crown hole; (b) chimney caving; (c) plug subsidence; (d) solution cavities;
(e) block caving; (f) progressive hanging wall caving [44]. In China, it is generally
considered that the main manifestations of surface discontinuous deformation are
mining cracks, step cracks and collapse pits [45,46]. As a typical manifestation of
discontinuous deformation, surface mining cracks are prevalent and worthy of study.
The discussion in this paper focuses on surface mining cracks in discontinuous defor-
mation. Discontinuous deformation is generated with certain conditions; the surface
mining fracture characteristics are closely related to the location of generation; the
fracture zone is generated periodically with the surface advance in the direction of
working face advance; the mining cracks are developed in the form of fracture zones;
the topsoil properties have a significant influence on the discontinuous development
characteristics. The damage of discontinuous deformation on the surface is shown
in Figure 2d,e.

(e)

Figure 2. Surface subsidence and damages in mining areas: (a) Surface water area; (b) Road cracks;
(c) Housing cracks; (d) Surface cracks; (e) Collapse pits.

2.2. “Space-Sky-Ground” Collaborative Monitoring Framework of Mining Subsidence

Based on the characteristics of surface deformation in the mine area and existing mon-

itoring techniques (as shown in Table 1), the “space-sky-ground” collaborative monitoring
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framework was established. The “space-sky-ground” collaborative monitoring framework
of surface subsidence in mining area is composed of three parts: space monitoring com-
ponents, sky monitoring components and ground monitoring components. It combines,
coordinates and complements various technologies such as observation network control,
traditional point line observation, regional interference measurement, UAV measurement
of surface, TLS measurement of surface shallow mining cracks, and realizes the function
of comprehensive and three-dimensional monitoring of surface movement, deformation
and shallow cracks. Through the efficient cooperation of space monitoring components,
sky monitoring components and ground monitoring components, the spatial-temporal
dynamic evolution process of surface deformation and ground cracks development in the
mining process is effectively monitored, and the deformation and failure law of surface
subsidence in mining area is obtained, as is shown in Figure 3. The space monitoring
component, the sky monitoring component and the ground monitoring component are
described in detail as follows:

Table 1. Common ground deformation monitoring techniques.

Monitoring Method Advantages Accuracy
GNSS and CORS Simple operation; Small workload [47-49] 5mm
D-InSAR Low cost; Long period; Global surface deformation [26,30,50] 1-3cm
SBAS-InSAR [51] Enhancement of SAR data usage; Low cost <1l cm
TLS [52-55] Long range; High accuracy lcm
UAV [56,57] High speed and efficiency; Flexibility 10-15 cm
Levelling and Total station High monitoring accuracy; Accurate reflection of the law of settlement 1 mm
GNSS and RTK High speed and efficiency [58] 2cm
Steel rule and GNSS High accuracy; Law of accurate reflection [59] 0.1 mm

Space
monitoring
component

"Space-sky-ground"

The abbreviation in Table 1: CORS (Continuously Operating Reference Stations), D-InSAR (Differential Interfer-
ometry Synthetic Aperture Radar), SBAS-InSAR (Small Baseline Subset Interferometry Synthetic Aperture Radar),
RTK (Real Time Kinematic).
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Figure 3. “Space-sky-ground” collaborative monitoring framework for surface subsidence in mining
area: (a) the content of “Space-sky-ground” collaborative monitoring framework; (b) the diagram of
“Space-sky-ground” monitoring framework.

Space monitoring components can obtain large-scale, high-precision and high-spatial-
resolution surface deformation. Compared with traditional observation technology, InNSAR
has incomparable advantages for mine subsidence monitoring in a large area and complex
terrain conditions. The basic principle of InNSAR is to obtain two radar images of the same
area by using two pairs of antennas for simultaneous observation or two near-parallel
observations, and to obtain high-precision and high-resolution ground elevation or surface
deformation information by obtaining the phase difference between two echo signals
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corresponding to the same target and combining with orbital data. INSAR technology is
not only used in topographic mapping, but also widely used in land subsidence, change
detection, seismic activity, digital elevation modeling and many other fields. Surface
deformation monitoring is important for the safety of mine sites, since the maintenance
of the stability of mine topography is the basis for conducting normal production and life.
With the development of radar remote sensing technology, INSAR technology is widely
used in the subsidence deformation monitoring of mines, especially the time series INSAR
analysis methods (PS-InSAR, SBAS, etc.) can invert the historical evolution of ground
subsidence based on time series SAR data with the accuracy of millimeter level. GNSS
provides a unified datum for multi-source monitoring data and performs geolocation
information alignment up and down the well.

Sky monitoring components use UAVs with measurement cameras to navigate and
photograph within a specified range to record the extent of surface crack development and
spatial spreading characteristics of the subsidence area. According to the different needs
of the observer, the measurement cameras are classified into the generally visible camera,
3D camera, infrared camera and multispectral camera. Compared with the traditional
manual measurement, the UAV with a measurement camera can quickly and efficiently
obtain the information of ground crack and accurately save the GPS information, which
has its unique advantages in places where humans cannot reach.

Ground monitoring components are based on the precise levelling and total station,
steel ruler and GNSS precision measurement, and use the ground conventional measure-
ment technology (levelling + wire), steel ruler and vernier caliper to measure the surface
subsidence area and crack distribution with high precision.

Duration of surface deformation monitoring: the duration of surface subsidence moni-
toring is closely related to the geological mining conditions, the duration of the working
face mining and the quality of the monitoring technology. In addition, the following
steps are assisted: (1) after determining the monitoring object (mining workings), the
characteristics of surface deformation under similar conditions should be determined by
consulting the relevant literature, and the probability integral method should be used to
make dynamic forecast of surface deformation when available; (2) at the early stage of
mining, precision leveling measurement should be selected to monitor the location of the
opencut to determine the time when the surface displacement caused by underground coal
mining is reflected to the surface; (3) Integrate the results of (1) and (2) analysis, consider
the advantages and disadvantages of each monitoring method, and determine the time of
surface monitoring using different monitoring techniques.

2.3. Preference Model
2.3.1. Infactors Determination and Analysis

We determined the indicators analysis by AHP. AHP is a flexible quantitative method,
which has become one of the commonly used methods in risk assessment [60-64]. Based on
the relevant literature and engineering requirements to determine the influencing factors
affecting the surface subsidence monitoring program [14,65-67], a total of three primary
indicators and 16 secondary indicators are included, as shown in Figure 4 (natural factors
and target constraints are determined in advance):

186



Remote Sens. 2022, 14, 840

Meteorological conditions in the
study area

Degree of vegetation coverage
factors

‘ Determined in
- advance according to
the study area

‘ Working surface
1 Working face advance speed ‘ parameters
T

Probability integral

Range of Surface subsidence

method

Selection of surface | | Target % Extreme value of surface - —
monitoring method constraints movement and deformation Subsidence prediction
parameters

——i Maximum level of house damage

Project cost inputs

Surface monitoring accuracy

Time scale evolution law

Spatial scale evolution law

T ITT1]

Area subsidence information

H Subsidence of the main profile

—{ Construct the surface crack model

Figure 4. Influencing factors for the preference of surface subsidence monitoring methods selection.

Based on the criterion and judgment principle of two-by-two comparison, fuzzy
mathematical theory was applied to derive the criteria for comparing the importance of
indicators. The factors of the previous level are used as the benchmark for the factors of the
next level, and the judgment matrix is D after the two-by-two comparison.

X X Xi
X X s Xin X X X
X X X X5 Xi X5
21 22 se 2n X, X2 X,
D= ) ) ) = o 1)
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In Equation (1), D is the analytic hierarchy process judgment matrix, X;i(i = j = 1,2,...,n)
is the significance of the comparison between two adjacent indicators.
Normalization and consistency testing are performed:

@

®3)

I£ _ Amax — 1
IR (n—l)IR

Rc = 4

where 7 is the order of the judgment matrix, n = 1,2,...,1n , W; is the normalized judgment

matrix, Ay is the maximum eigenvalue of the judgment matrix, Ic is the consistency test
index, I is the random consistency indicator, R¢ is the consistency ratio of the judgment matrix.
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The maximum eigenvalues and eigenvector are derived by normalizing the indicators
affecting the surface monitoring program, as shown in Table 2. The results are tested for
consistency, and the results are shown in Table 3.

Table 2. Maximum eigenvalue and eigenvector of preferred index.

Judgment Matrix Maximum Eigenvalue Eigenvector
A (Preferred monitoring 3.0536 0.1571, 0.2493, 0.5936
method)
B1 (Natural factors) 4.1023 0.1306, 0.5492, 0.2302, 0.0900
. 0.0603, 0.0440, 0.1162, 0.2355,
B2 (Targets constraints) 6.5616 0.1829,0.3611
B3 (Site needs) 6.4613 0.3466, 0.1784, 0.0821, 0.1528,

0.1607, 0.0676

Table 3. Consistency check calculation results.

Index A B1 B2 B3
Ic 0.0268 0.0341 0.1123 0.0923
Ir 0.0462 0.0379 0.0906 0.0744

Based on the calculation results of AHP, the optimal weight of each preferred index is
analyzed, and the results are shown in Figure 5. Figure 5 shows that among the natural
factors, vegetation coverage has the greatest weight on the indexes. Among the target
constraints, the project cost inputs have a great influence on the selection of monitoring
methods. Among the site needs, the surface monitoring accuracy is the most important
factor, and the accuracy factor is essential for understanding the mining displacement
mechanism and mining-related geohazard prevention and control. The results of the
analysis in Figure 5 are generally consistent with reality and prove the feasibility of using
AHP to determine the weights of the surface monitoring program.
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Figure 5. Total index ranking weight.

2.3.2. Comprehensive Preferred Model Based on AHP-TOPSIS

The TOPSIS method can comprehensively consider a variety of index factors of the
combined monitoring program, but it is difficult and complicated for multi-factor analysis
and weight calculation, while the AHP method overcomes this drawback and ensures
the global optimality of the algorithm. The model is applied to the surface monitoring
program selection in mining areas, which can make the selection system more scientific,
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comprehensive and accurate, and the evaluation results are more in line with the reality.
The steps of the combined surface subsidence monitoring program optimization using
AHP-TOPSIS are as follows:

Step 1: Calculate the weighted normalized decision matrix.

Setting different monitoring programs sets A = {A;, Ay, ..., A} and influencing
factors sets is X = {Xj,Xp,...,X,}. Based on the “space-sky-ground” collaborative
monitoring framework to determine different monitoring programs and impact factors
index matching degree, the matching degree is 1-5 levels. We have established the matching
matrix between monitoring programs and impact factors, and calculated the weighted
standardized decision matrix:

Xll Xlz ce Xln
X X» s Xop
A= . . . (©)
Xml XmZ cee Xmm
wibyy  wabyp oo Wby
wiby1 Wby e Wybyy
C= (i) yon = : : . . (6)
wiby Wby oo Wpbpy

where C is the weighted standardized decision matrix, W; is the total ranking weight of
indicators, b{]‘ is the standardized decision matrix.

Step 2: Determine the closeness of different monitoring programs.

Calculating the distance of different monitoring programs from the positive and
negative ideal solutions and determining the closeness of the monitoring program to the
positive ideal solution:

n n
dit = [ Y (e — )% dim = | Yo (e— o)’ @)
i=1 i=1
Et=— % g<pt<i1 @®)
1 dl+ erz_’ — 1 =

In Equations (7) and (8), cﬁ and ¢;” are the corresponding elements of Ctand C™
respectively, The closer E;" is to 1, the nearer the monitoring program is to the ideal
monitoring program.

Step 3: Establishing a preference evaluation matrix.

Combined with TOPSIS method, we determine the closeness of each monitoring
program and AHP method to determine the eigenvector, the integrated monitoring method
evaluation result vector F is derived, and the expression is as follows. The integrated
preference evaluation matrix is established.

F=WE ©)

where E is the evaluation matrix formed by proximity analysis, W is the weight of rule
layer calculated by AHP method.

Step 4: Preferred monitoring program.

The optimal monitoring program is selected by combining the result vector F calcu-
lated in Step 3.

3. Case Study
3.1. Study Area

Shangwan minefield is located in the southeast of Dongsheng minefield, eastern part
of Ordos Plateau, and most of its administrative jurisdiction belongs to Ulanmulun town of
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Igingholo Banner. The elevation is high in the northwest part and low in the southeast part
which shows the shape of a slope. On the east side of 401, the fully mechanized mining
face of Shangwan minefield is 402, the fully mechanized mining face which has not been
circled yet; on the south side is minefield boundary, adjacent to Wenjiata minefield of Ulan
Group; on the west side is 412, the fully mechanized mining face of planning and design,
in which the digging has not started yet; on the north side is the minefield boundary,
adjacent to Qllianta minefield. The fully mechanized mining face is arranged along with
the inclination, with a strike length of 299.2 m, an advance length of 5254.8 m, and a design
mining height of 8.8 m. The ground elevation of the fully mechanized face is 1188-1300 m,
and the floor of the coal seam floor is 1043-1066 m. The 401 working face layout is shown
in Figure 6:
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Figure 6. Location of Shangwan Mine and 401 working face layouts: (a) Location of Shangwan Mine;
(b) 401 working face layouts.

3.2. Preference of Surface Subsidence Monitoring Program

Based on the “space-sky-ground” collaborative monitoring framework established
in Section 2.2, five monitoring techniques were initially identified based on the objective
factors of the project: GNSS and CORS, InSAR, TLS, UAV, Steel ruler and GNSS, and now
according to the actual project we need to select four combination monitoring techniques
to monitor the surface subsidence of 401 working face in Shendong mine area. There are
five combination programs in Table 4.

Table 4. Monitoring method combination comparison table.

Program GIZI;)SRaSnd InSAR TLS UAV aS;fleIGIl{\}lSl;
[ v v v v
1l v v v v
1 v v v v
v v v v v
v v v v v

In the framework of “space-sky-ground” collaborative monitoring, based on the
information on the study area, probability integral method and the prediction parameters
of the adjacent working face, the reference values of the first 10 of the 16 evaluation
indicators are determined. Then, the initial evaluation matrix is constructed for natural
factor indicators, target constraints indicators and site needs indicators respectively, and the
matrix is weighed and standardized to calculate the closeness of each scheme. According
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to TOPSIS, the optimal evaluation matrix for the monitoring scheme of 401 working face in
Shendong mine is determined.

0.1835 0.3542 0.2751 0.0000 0.1835
E = 02043 0.1498 0.1548 0.2375 0.2536 (10)
0.0863 0.2357 0.1501 0.2432 0.2848

The weight of the preferred model criterion layer (layer B) for the selection of surface
monitoring program in mining areas determined using the AHP method is shown in the
following equation.

W =1[01571 02493 0.5936 | (11)

So:
F:WE:[ 0.1302 0.2329 0.1709 0.2036 0.2614 } (12)

In summary, the comprehensive superiority of each program can be obtained, and the
order of superiority of the surface subsidence monitoring program at the 401 working face
of Shendong mine is: Program V > Program II > Program IV > Program III > Program I.
The monitoring scheme is shown in Figure 7.

Figure 7. Diagram of the optimized solution for “space-sky-ground” collaborative monitoring at
working face 401.

Meanwhile, based on the “space-sky-ground” collaborative monitoring framework,
the surface deformation monitoring period of 401 working face was determined. The
401 working face mining is a shallow buried thick coal seam mining type, this type of
surface subsidence has the characteristics of early initiation of subsidence, fast subsidence
speed and short time to reach the maximum subsidence value; combined with the results
of precision levelling at the location of the opencut, the advantages and disadvantages
of monitoring technology and the actual project needs, the 401 working face surface
subsidence monitoring time was determined. The period studied in this experiment is the
position of the working face from the opencut advance to near 1000 meters.

3.3. Surface Subsidence Monitoring
3.3.1. InSAR Subsidence Monitoring

In this experiment, we used 30 SAR images from the Sentinel-1 satellite for the time
interval 14 October 2017 to 21 October 2018, with images covering the entire Shendong min-
ing area. The Sentinel-1 satellite orbits in a near-polar sun-synchronous orbit at an altitude
of approximately 700 km, with a revisit period of 12 days. The Sentinel-1 satellite employs
stringent orbit control techniques to provide very high-quality interferometric SAR image
data. The satellite has multiple imaging modes, allowing for different polarizations such as
monitorization and dual polarization. Details of the SAR images from the experiment are
shown in Table 5. The DEM used in the experiment is the 30m resolution SRTM DEM data
provided by NASA, which is used to remove the reference terrain phase, and the precision
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orbital POD data, which is released 21 days after the SAR imaging, to attenuate the orbital
phase error.

Table 5. Experimental use of SAR image data details.

Number Date Path-Frame Dci)rr:clttiaoln POI;ZLZ;:OH Model In;fgelr; ce
1 14 October 2017 11-126 Ascending \4% w 40-41
2 26 October 2017 11-126 Ascending \4% w 40-41
3 7 November 2017 11-126 Ascending \'A% w 40-41
4 19 November 2017 11-126 Ascending \'A% w 40-41
5 1 December 2017 11-126 Ascending \A% w 40-41
6 13 December 2017 11-126 Ascending \'A% w 40-41
7 25 December 2017 11-126 Ascending \'A% w 40-41
8 6 January 2018 11-126 Ascending \4% w 40-41
9 30 January 2018 11-126 Ascending \A% w 40-41
10 11 February 2018 11-126 Ascending \4% w 40-41
11 23 February 2018 11-126 Ascending \4% w 40-41
12 7 March 2018 11-126 Ascending Vv w 40-41
13 19 March 2018 11-126 Ascending Vv w 40-41
14 31 March 2018 11-126 Ascending Vv w 40-41
15 12 April 2018 11-126 Ascending Vv w 40-41
16 24 April 2018 11-126 Ascending 'A% w 40-41
17 6 May 2018 11-126 Ascending 'A% w 40-41
18 18 May 2018 11-126 Ascending \4% w 40-41
19 30 May 2018 11-126 Ascending A% w 40-41
20 11 June 2018 11-126 Ascending %% w 40-41
21 23 June 2018 11-126 Ascending Vv w 40-41
22 5 July 2018 11-126 Ascending Vv w 40-41
23 29 July 2018 11-126 Ascending Vv w 40-41
24 10 August 2018 11-126 Ascending \A% w 40-41
25 22 August 2018 11-126 Ascending \A% w 40-41
26 3 September 2018 11-126 Ascending \4% w 40-41
27 15 September 2018 11-126 Ascending \4% w 40-41
28 27 September 2018 11-126 Ascending \4% w 40-41
29 9 October 2018 11-126 Ascending \4% w 40-41
30 21 October 2018 11-126 Ascending \4% w 40-41

3.3.2. TLS Subsidence Monitoring

The TLS was implemented three times, the first period was from 28 May 2018 to 1 June
2018, the second period was from 3 July 2018 to 6 July 2018, and the third period was from
11 September 2018 to 15 September 2018. Based on the actual terrain conditions, a suitable
racking station location and scanning resolution will be selected. After the scanning station
location were determined, the actual scanning was prioritized according to the distance
from the workings, with the areas closer to the workings being significantly affected by
mining and prioritized for scanning. As the terrain varies from one period to another,
the scanning stations will be adjusted according to changes in the terrain. The station
layout is shown in Figure 8a, and the point cloud data were classified, denoised, resampled,
spliced and treated with other internal processing. To study the impact of mining on the
deformation of the area close to the working face, the scanning stations and the location of
the strike and tendency observation lines were combined to conduct comparative analysis
of settlement changes along the strike and tendency observation lines respectively, and the
relationship between the strike observation line K, tendency observation line L and the
location of the point cloud model is shown in Figure 8b.
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Figure 8. TLS deployment and regional location map: (a) TLS distribution; (b) Selection area with the
point cloud model, working surface relationship map.
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3.3.3. UAV Subsidence Monitoring

The M600Pro professional DJI UAV with Tau2-640R HD infrared camera, Z3 visi-
ble camera and tilt 3S 3D camera were used to achieve infrared observation of surface
cracks and modeling of surface 3D morphology. The UAV and field flight path are shown
in Figure 9.

(b)
Figure 9. Photos and flight path of UAV on site: (a) UAV photo; (b) Flight path.

The crack observation of visible and infrared imaging of the whole study area was
carried out according to the designed flight path. Based on the observation using the
aerial photography of the UAV, the Trimble® Geo 7x handheld was used for the uninter-
rupted measurement and positioning of the surface cracks in combination with the manual
measurement data of the surface cracks.

3.3.4. Steel Ruler and GNSS Subsidence Monitoring

The steel ruler and GNSS were used to measure the surface cracks dynamically and
record the changes in crack opening and drop, the crack width measurement method is
shown in Figure 10. The cracks are divided into central dynamic cracks and boundary cracks
for zoned measurements to track the dynamic change of “creation-expansion- closure”
of the cracks in different areas of the ground. Daily records are kept of the opening and
step-off of the same crack at the same location, while information on the mining advance
rate and mine pressure is collected to analyze the relationship between the coupling of
high-intensity mining overburden transport and cracks.
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(b)

Figure 10. Surface crack drop and width measurement:(a) Measurement of ground crack tension;
(b) Ground crack step drop measurement.

4. Results
4.1. Surface Subsidence Monitoring from Single Technique
4.1.1. Surface Deformation Monitoring Results of Mining Area Based on InSAR Technology

The SAR images were analyzed to obtain deformation rates and cumulative deforma-
tion maps, as shown in Figure 11. In Figure 11a, there are 15 areas of ground subsidence
due to coal mining in the area (black dashed ovals in the figure), with a maximum ground
subsidence rate of —326 mm/yr. At the same time, there is surface uplift in five areas (red
dashed ovals in the figure), with a maximum uplift rate of 125 mm/yr. In Figure 11b, the
maximum cumulative subsidence detected from InSAR reached 365 mm and the maximum
cumulative surface uplift reached 137 mm. As can also be seen in Figure 11, the large gradi-
ent of deformation in the middle of the mine area resulted in interferometric decoherence
and gaps in some areas where deformation information was not available.
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Figure 11. INSAR monitoring results in Shendong Mining Area: (a) Rate of vertical surface deforma-
tion; (b) Accumulated surface deformation.
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4.1.2. TLS Deformation Results

The point cloud data of Phase I and Phase III of the K and L lines were collated, and
the amount of subsidence at each point on the two profile lines was calculated, as shown in
Figure 12a. The point cloud data settlement comparison analysis is based on Riscan PRO
software and color separation display is gained according to different settlement amounts,
the results are shown in Figure 12b.
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Figure 12. Schematic diagram of surface subsidence at the mine area: (a) K line and L line; (b) Surface
area subsidence.

Figure 12 shows that the subsidence in most areas of the region is between 2-4 m,
with a small amount of subsidence greater than 5 m, and there are also a small number of
elevation anomalies—the area with an elevation rise of 3-4 m in the figure. The reasons
for this phenomenon are: (1) Because this area is at the edge of the scanning, error of
triangulation network construction is caused by point cloud voids. As this area is at
the edge of the scanning range, the point cloud data is less, and the modeling of the
triangulation network will lift the surface of the feature and produce errors. (2) The error
of feature change is caused by human activities, such as the demolition of houses and
the accumulation of construction debris in the vicinity. Meanwhile, we can find that TLS
monitors surface subsidence in small areas with high accuracy, and the monitoring area is
relatively small compared with InSAR. If large surface deformation needs to be acquired,
TLS technology will be limited.

4.1.3. UAV Deformation Results
(1) Surface cracks

Monitoring data was selected for 9 May and 2 June 2018, when the workings were
advanced to 155 m and 310 m from the opencut. The specific surface development was plot-
ted on the corresponding location of the working face to study the correlation law between
mining on the working face and surface crack development [68], as shown in Table 6.
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Table 6. Variation of the development regularity of surface cracks with the advanced distance of
working face.

Advance the Position 155 m 310 m

The working face advances slowly, the old roof is
damaged by mining to a relatively large extent,
Crack development law and the overlying rock and surface cracks are
fully developed, resulting in the development of
cracks ahead of the working face.

All three marginal cracks beyond the working
face are developed beyond the mining boundary,
and the new ground cracks continue to develop

38 m forward.

Schematic diagram

(2) Construction of 3d surface model

Based on the visible photos taken by the on-site UAV and the 3D model results
produced by ContextCapture Center software, the survey area 0.05 m resolution DOM
(Digital Orthophoto Map), 1m resolution DSM (Digital Surface Model) and 1m resolution
DEM (Digital Elevation Model) are generated, as shown in Figure 13.

Figure legend

Figure legend
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Figure 13. 3D model results: (a) DOM; (b) DEM; (c) DSM.

4.1.4. Deformation from Steel Ruler and GNSS

Based on the site situation of 401 working face of Shangwan mine in Shendong
mining area, field data collection, collation and analysis of surface cracks caused by mining
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influence were carried out from 19 April 2018 to 3 August 2018, a total of 106 days. A total
of 1878 (groups) cracks were collected. The crack development from 1 June 2018 to 7 June
2018 was selected to analyze the expansion pattern of surface cracks, as shown in Figure 14.

224.7m 224.7m
_ % B -— Ls %
z > = > y H
s ® =z i 1 [ -— 4 @
g % N T s % N = roe
] v ) —= )
S = =1 E— ——T0 4
% 2 U’ =1 2 'g/: =
5 o T 2 6.3 S
@ - -
< o o —
< o
b= ¥ < N
<
(@) ()
- e %242[71 — })A/ %_ AK ~ %
p > E 2247m i
g & -— YA % [ 53 ) Al
S B El e S 3 4 /%
© — — Y, (| ®
£ Tl ==y & N X3 S £ Vil
= i —?\'_W Z ko] S NN 2 € i~ ||%
° 2 3 ° F] = ko
= 6.4] < = < ® 3
=] = S — - <
< ) = ) 2 5
(d) (e) ()

Figure 14. The extension process of surface cracks: (a): surface cracks directly above the working face
overtake the development of the advancing position of the working face; (b) during the advancing
process of the working face, surface cracks expand along the advancing direction of the working face
on the one hand, and on the other hand gradually expand gradually from directly above the working
face to both sides of the mining area until near the boundary of the mining area; (c) surface cracks
develop suddenly directly in front of the working face, indicating that the development of cracks
with suddenness; (d) surface cracks develop in the direction of the side of the mining area and the
two roadways, but the cracks hardly develop forward; (e) surface cracks continue to develop at the
boundary of the mining area; (f) the generation of cracks at the boundary of the mining area usually
delays the advancing position of the working face, and large cracks are formed at the surface.

Figure 14 shows that with the advancement of the working face, the expansion pattern
of surface cracks in the middle of the mining area is as follows: firstly, they protrude
a distance in front of the working face and produce multiple tensile cracks. After that,
with the advancement of the working face, the surface cracks develop in the direction of
the mining area and the haulage roadway, then the surface deformation increases, and
the original cracks will be connected to form large cracks. With the advancement of the
working face, the expansion of surface cracks repeats the previous pattern, and the overall
form of surface cracks in the mining area shows the arc-shaped distribution. We can find
that the steel ruler and GNSS crack observation has significant advantages for the study of
short-term and marginal fracture development patterns at the surface.

4.2. Deformation Results from the ”Space-Sky-Ground” Collaborative Monitoring Framework

There are some limitations in relying on a single monitoring technique to obtain
surface subsidence information, such as: (1) the limitation of InSAR loss of coherence
cannot obtain the deformation information of the large deformation; (2) the difficulty of
TLS moving stations to obtain the full range of surface subsidence basins; (3) the UAV
equipped with thermal infrared camera cannot obtain the moving basin edge cracks, etc.
Therefore, this section fused InNSAR and TLS monitor data of surface subsidence basin. The
feasibility of combining INSAR technology to identify large cracks of surface deformation is
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discussed by combining the cracks of easy access to INSAR data. The final shape of surface
cracks near 1000 m of the location of opencut is obtained by combining the advantages of
UAV, steel ruler and GNSS technology crack monitoring techniques.

4.2.1. Results of Continuous Surface Deformation

Based on the “space-sky-ground” monitoring framework, the input TLS and InNSAR
data are fused into a whole according to the correlation, forming an integrated dataset
containing “space-sky-ground” multi-source measurement information; the coarse fused
dataset is used as a benchmark, starting from the low-resolution and wide-range InNSAR
remote sensing image data. The coarse fused dataset is used as the benchmark, starting from
the low-resolution and wide-range InNSAR remote sensing data, and gradually correcting the
accuracy with the higher resolution TLS data. The corrected data contains the characteristic
information of each data and makes good use of the correlation between different data to
achieve the effect of “space-sky-ground” integration and multisource data linkage, and
finally obtains the surface subsidence cloud map of the whole mine area, as shown in
Figure 15. The acquisition of the overall overview of the surface subsidence within the mine
area provides basic data for the protection of the ecological restoration of the mine area.
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Figure 15. Surface subsidence map of working face based on InNSAR and TLS data fusion.

Figure 15 shows that: the average subsidence rate in the mining area of 401 working
face is about 300 mm/a, which is higher than the subsidence in other locations in the mine
area, and it is known from the regional measurement results that the surface subsidence
of 401 working face is 2—-4 m, and the subsidence in a small amount of area is more than
5 m. To further analyze the data accuracy of the fusion monitoring results, the maximum
subsidence of the strike line and the strike line are compared with the tendency and the
control points obtained from the level measurement in the same period, respectively. The
results are shown in Table 7, and the L line of the profile was taken to compare the fused
subsidence data with the levelling data, and the graphs are plotted in Figure 16.

Table 7. Comparison of maximum subsidence values monitored by level data and fused data.

Maximum Subsidence Value Point Cloud Data (InSAR and TLS) Levelling Data
Kline 5579 mm (K36) 5562 mm (K36)
L line 5067 mm (L22) 4942 mm (L22)
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Figure 16. Comparison of levelling monitoring results and data fusion monitoring results.

Figure 16 and Table 7 compare the monitoring results of the two profiles of the fused
data with the levelling data. The subsidence trends of the two fused profiles are consistent
with the levelling subsidence trends, and the relative error of the difference between the
maximum subsidence values is 2.5%. Therefore, it is feasible to obtain the surface subsi-
dence basin in a large surface area through data fusion using two monitoring techniques,
InSAR and TLS, in the framework of “space-sky-ground” cooperative monitoring.

4.2.2. Discontinuous Deformation Identification and Distribution
(1) Surface discontinuous deformation identification

To investigate the characteristic relationship between surface mining cracks and InNSAR
deformation rate at the working face, the deformation gradient and surface mining cracks
are analyzed. Among them, the surface deformation gradient is elaborated from three time
periods, namely, early recovery period, active period and downhole stoppage. The surface
deformation gradient can be expressed as Equation (13).

AW

AU (13)

i = tan

In Equation (13), AW is the vertical settlement of radar pixel points, AU is the horizon-
tal movement of the corresponding point, The value range of i is 0-180.

Because SBAS-InSAR obtained the results with 20 m x 20 m resolution after multi-view
processing, the deformation results were considered only from the distribution location of
cracks, and the characteristics such as width of cracks and depth of subsurface development
were ignored. In addition, to clarify the correlation between surface cracks and InSAR
analysis results, only the INSAR deformation monitoring results of surface cracks with a
width of 50 mm or more are considered.

Figure 17 shows that the surface cracks were damaged due to highly intensive un-
derground mining activities, the overall shape of the cracks is approximately “circular”
in distribution, and the “diameter” of the circle is larger than the width of the working
face, but smaller than the influence range of the mining area. In other words, the fracture
range is generally larger than the width of the working face, but it occurs within the surface
deformation range, which indicates that the surface deformation affects the distribution
of cracks.

199



Remote Sens. 2022, 14, 840

0 50 100 150
|

(@)

Figure 17. Surface deformation rate (mm/y) and cracks superimposed map.

To further analyze the influence relationship between surface deformation rate and
cracks, the schematic surface deformation gradient diagrams of different mining stages
were selected in conjunction with the working face advancement time (from March 2018 to
September 2019): among them, the schematic distribution of surface deformation gradient
at the early stage of recovery (10 August 2018), the active period of recovery (18 February
2019), and the stopping stage (10 September 2019) are shown in Figure 18a—c respectively.
Figure 18 shows that the area with larger surface deformation gradient gradually expands
with the advancement of the mining face, and the gradient development direction is more
consistent with the mining direction. The shape of the surface deformation gradient as a
whole is “long”, and the surface cracks in the area of the open cut are mainly distributed in
and around the location of the larger vertical deformation gradient and are ahead of the
range of the large surface deformation gradient.
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Figure 18. Gradient map of surface deformation: (a) Early period (10 August 2018): Cracks at the
location of the opencut are distributed in an approximate circle, with a diameter greater than the
width of the working face; (b) Active period (18 February 2019): the crack gradient distribution map
of the surface was developing along the direction of workface advance as the workface continues to
advance; (¢) Downhole stoppage (10 September 2019): the surface deformation gradient map has a
general “long strip” distribution.

In general, detailed information on cracks is measured using steel rulers, and GNSS
measures information on the location of cracks. All information on cracks being recorded
in detail requires a lot of resources, and the repair of large cracks deserves more attention.
The use of gradients to identify cracks proposed in this section provides a new way of
thinking about the identification of large surface cracks and provides reference for the next
step of surface crack filling.

(2) Surface discontinuous deformation distribution
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With the combination of the surface UAV thermal infrared crack measurement data and
the measurement of key area with the assistance of GNSS and Steel ruler, the distribution of
surface cracks in the working face was mapped and the width of the cracks was categorized
by grade and indicated by different colors. The final mapping result is shown in Figure 19,
which provides a reference for fully understanding the distribution of surface cracks with
the mining situation of the working face.

Crack width(mm)
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21—-50
51—100

101—200
201—727
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Figure 19. Distribution map of cooperative monitoring cracks at 401 working face of Shangwan Mine
in Shendong Mining Area.

The mining of shallow buried thick coal seams in western mines (working face 401
in this paper) is characterized by rapid advancement and large surface deformation. The
development of surface fractures is a dynamic process, and it is important to obtain
the true shape of surface cracks distribution in a timely and accurate manner. There
are shortcomings in the monitoring results of single crack monitoring technology: the
traditional field survey method of ground cracks has a high accuracy but is slow, long
and costly, and it is a great challenge to comprehensively understand the development
laws of cracks with the advancement of the working surface in a short period of time by
using the traditional ground crack survey method; the use of UAV equipped with thermal
infrared and visible light cameras to monitor cracks is limited by the edge recognition
algorithm, small cracks and shallow buried cracks are not identified at the edge of the
ground. Therefore, by combining traditional ground crack survey methods and UAV
fracture monitoring technology, the final distribution law of surface cracks can be accurately
obtained by applying UAV technology to monitor fractures in the center of the subsidence
basin and at the inflection point, and applying traditional ground fracture survey methods
to cracks at the edge of the subsidence basin, in response to the characteristics of shallow
buried thick coal seam mining in western mining areas.

5. Discussion

Currently, surface subsidence monitoring in mining areas is based on only one or two
technical techniques, and it is difficult to obtain the surface area deformation law in the
subsidence affected area. In this paper, based on the characteristics of many kinds of surface
subsidence monitoring objects and various monitoring techniques, we have proposed the
“space-sky-ground” collaborative monitoring framework for surface subsidence monitoring
in mining areas. And we constructed an AHP-TOPSIS preference model of “space-sky-
ground” integrated collaborative monitoring of surface deformation in mining area and
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carried out engineering applications. The following are the issues that deserve further
discussion in this paper.

M

Based on the characteristics of surface deformation in mining areas and existing
surface deformation monitoring technologies, this paper established the “space-sky-
ground” collaborative monitoring framework. This framework is an important guide-
line for the preference model of “space-sky-ground” collaborative monitoring and the
integration of various technologies. The determination of the weighting of different
programs in the monitoring program selection model needs to be combined with
the “space-sky-ground” collaborative monitoring framework, so as to better utilize
the advantages of each monitoring technology, for example, in Section 3.2 of this
paper, the weighting process of the “spatial scale evolution law” is based on the
“space-sky-ground” collaborative monitoring framework, and program 1 (GNSS and
CORS, InSAR, TLS, UAV) is less weighted than the other schemes because of the lack
of small-scale measurement techniques; the integration of multiple technologies needs
to fully consider the time scale and spatial scale of each monitoring method in the
“space-sky-ground” cooperative monitoring framework, so as to obtain the best data
fusion results and comprehensively obtain the surface subsidence pattern.

The “space-sky-ground” collaborative monitoring framework includes space mon-

itoring components, sky monitoring components and ground monitoring components,
and the monitoring tools include existing monitoring technologies for surface movement
and deformation. In addition, the monitoring framework is not limited to surface defor-
mation monitoring in the mine area, but can be expanded to cover the entire mine area,
which requires additional monitoring tools such as underground mineral pressure and
underground overburden, as shown in Figure 20.
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Figure 20. “Space-sky-ground” collaborative monitoring framework for in mining area.

@

The AHP-TOPSIS model has many applications in other areas of program selection.
In this paper, the AHP-TOPSIS model is chosen as the preferred model for the “space-
sky-ground” collaborative monitoring framework. The purpose of this paper is to
apply the AHP-TOPSIS model in the “space-sky-ground” collaborative monitoring
framework to prefer a monitoring program. The preferred model directly determines
the results of “space-sky-ground” collaborative monitoring framework and should
be taken seriously. As the field of artificial intelligence continues to receive attention,
artificial intelligence algorithms such as neural networks and support vector machines
will significantly improve the rationality and accuracy of monitoring method selection.
InSAR technology has the advantages of easy data acquisition and large monitoring
period span, which can monitor long-period surface subsidence and be used to
compare the difference of deformation patterns with the adjacent unmined areas,

202



Remote Sens. 2022, 14, 840

925N

ERETE [

010N

but InSAR is limited by decoherence and cannot monitor continuous large surface
deformation in a short period of time (Figure 21a). TLS monitoring has the advantage
of acquiring surface subsidence information with high accuracy, and the fusion of the
two surface subsidence monitoring results can accurately obtain the large-scale surface
subsidence laws (Figure 21b). Combining the fused monitoring results of INSAR and
TLS provides a new way of thinking for the later analysis of the surface subsidence
laws over a large area of the working face. The results provide a foundation for global
planning to protect the ecological environment of the mining area and provide data
for overburden damage control and ecological restoration in the area, which cannot
be achieved by using a single TLS or INSAR monitoring technique.
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Figure 21. Surface subsidence monitoring results at the mine area:(a) Surface subsidence monitoring

from single technique (INSAR); (b) Surface subsidence monitoring from "space-sky-ground" integrated

collaborative monitoring framework.

)

Combining INSAR monitoring technology with the advantages of easy data acquisition
and large observation time range, INSAR is used to calculate the surface deformation
gradient, analyzing the location of surface cracks generated in the mine area. This
technique provides a new idea for other working faces to use InNSAR technology to
identify the location of surface cracks in subsidence areas and provides a reference for
the filling of surface cracks and the restoration of surface ecology. Figure 22 shows the
process of manual treatment of the cracks identified by InSAR.

(@) (b)

Figure 22. Crack manual management process: (a) Filled cracks; (b) Ecological restoration.

®)

By combining traditional ground crack survey methods and UAV crack monitoring
technology, the final distribution law of surface cracks can be accurately obtained by
applying UAV technology to monitor cracks in the center of the subsidence basin and
at the inflection point and applying traditional ground fracture survey methods to
cracks at the edge of the subsidence basin, in response to the characteristics of shallow
buried thick coal seam mining in western mining areas. The “space-sky-ground”
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collaborative monitoring framework gives full play to the advantages of the emerging
technology, making it possible to comprehensively understand the development law
of cracks and laying the foundation for the analysis and management of cracks in
large areas of coal mine subsidence areas.

6. Conclusions

This paper establishes the “space-sky-ground” collaborative monitoring framework
for surface subsidence in mining area and sets up a surface monitoring method preference
model based on AHP-TOPSIS. The engineering application results show that based on
the “space-sky-ground” collaborative monitoring framework proposed in this paper, the
preferred monitoring program suitable for this mine area can be selected by using the
surface monitoring program preference model. The practical application was carried out
at 401 working face of Shendong mine area, and the distribution pattern of discontinuous
deformation and large-scale surface deformation results in this mine area were obtained,
the discontinuous large deformation was identified. The obtained results provide data
to support the crack management in this mine area. The research work of this paper can
provide reference for the acquisition of basic data of surface ecological restoration in similar
mines. The results of this paper are only an experiment of the “space-sky-ground” collab-
orative monitoring framework, the framework can be appropriately adjusted according
to the needs of the actual application and analysis. The “space-sky-ground” collaborative
monitoring framework established increases the possibility of a comprehensive understand-
ing of surface subsidence laws in mining areas. With the accumulation of field experience
and the continuous efforts of researchers, the performance of “space-sky-ground” collabo-
rative monitoring framework will be better and this method will be used more frequently
in the monitoring of surface subsidence in mining area. The significant innovations and
conclusions of this paper are as follows.

(1) Based on the characteristics of surface deformation in mining areas and existing
monitoring technologies, this paper established the “space-sky-ground” collaboration
monitoring framework in mining areas. The monitoring framework consists of three
parts: space monitoring component, sky monitoring component and ground mon-
itoring component, moreover, it basically includes the existing surface monitoring
technologies, and new monitoring technologies can be added to the framework in
the future according to their own characteristics. The framework of this paper is an
important guide to the analysis of the influencing factors of the “space-sky-ground”
collaborative monitoring preference program, the establishment of the preference
model and the implementation steps of the preference model. At the same time, the
proposed framework presents new thinking to recognize the multi-temporal and
multi-scale surface subsidence patterns in mining areas.

(2)  Determine the influencing factors affecting the surface preference monitoring program,
a total of 3 primary indicators and 16 secondary indicators, the primary indicators
include: natural factors, target constraints and site needs. The importance of the 16 sec-
ondary indicators was analyzed using AHP. Meanwhile, combining the advantages of
AHP-TOPSIS preference model, the AHP-TOPSIS preference model was constructed
based the “space-sky-ground” collaborative monitoring framework, and four steps
of monitoring scheme preference based on AHP-TOPSIS model were proposed. The
practical application was carried out in the surface monitoring program preference of
401 working face in Shendong mine.

(3) Based on the preferred monitoring program under the “space-sky-ground” collab-
orative monitoring framework at the 401 working face of the Shendong mine, the
information on the distribution of discontinuous deformation and the results of con-
tinuous deformation of large surface area in the whole area of the mine were obtained,
and the discontinuous large deformation was identified. The results obtained provide
a data support for the crack management in the mine area, and provide an example
for the further extension of the “space-sky-ground” collaborative monitoring results
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proposed in this paper. The “space-sky-ground” collaborative monitoring framework
established in this paper helps scholars to understand the surface subsidence pattern
in mining areas at multiple scales and provide a technical and data support for surface
ecological restoration.
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Abstract: This study uses the least squares collocation method to fuse the leveling vertical defor-
mation velocity in the Sichuan—Yunnan region with the GNSS observations of this region from
320 stations in the China Crustal Movement Observation Network (CMONOC) and the China Con-
tinental Tectonic Environment Monitoring Network (CMTEMN) from 1999 to 2017. Such fusion is
to improve the accuracy of the vertical deformation rates in large spatial scales. The fused vertical
deformation results show that: (1) the fused deformation field has a uniform spatial distribution, and
shows detailed change characteristics of key regions; (2) the current vertical crustal motion in this
region is featured by the contemporaneous occurrence of crustal compression, shortening and uplift
and basin extensional subsidence; (3) most areas in this region experience uplifts, as the lateral push
of the Qinghai-Tibet Plateau was blocked by the Sichuan Basin. The areas on the northwest side of
the Longmenshan fault and the Lijiang-Xiaojinhe fault are dominated by uplifts, with the velocity
of 1.5 mm/a-5.5 mm/a, and the region on the southeast side has slight uplifts, with the velocity of
1.0 mm/a-1.5 mm/a; (4) many areas have high gradient vertical deformation, especially the region
close to the Wenshan fault and on the two sides of the Yarlung Zangbo fault that has the value of
3.0-4.0 x 1078/a, deserving further attention to be paid to the long-term earthquake hazards.

Keywords: GNSS; leveling; Sichuan—Yunnan region; vertical deformation

1. Introduction

The Sichuan-Yunnan region (SYR) is located on the southeastern margin of the
Qinghai-Tibet Plateau (QTP) in southwestern China, and is the edge of the area bearing the
interaction between the Eurasian plate and the Indian plate. The northward subduction of
the Indian plate underneath the Eurasian continent resulted in the northeastward extrusion
of the QTP and pushed the plateau materials flow to the east, which, however, was blocked
by the hard South China block. As the main channel of the lateral extrusion in the middle
QTP, the SYR experienced particularly strong crustal motions, so this region has great
topographic fluctuation and frequent seismic activity. There are many large-scale faults
with great slip rates [1-7]. The material extrusion from the middle QTP together with the
soft lower crust cause the strong compression of the Longmenshan area in the southeast of
the Bayankala block, forming an active compression fault system consisting of the Long-
menshan fault and the Minjiang fault, etc. Inside the SYR, the faults are characterized by
the extrusion caused by strike-slip. From these faults, a high-speed left-lateral strike-slip
fault system has developed, consisting of the Ganzi—Yushu fault, the Xianshuihe fault, the
Anning River fault, and the Zemuhe fault, Daliangshan fault, Xiaojiang fault, Litang fault,
Lijiang-Xiaojinhe fault, and East Kunlun fault (eastern segment). A corresponding right-
lateral strike-slip fault system has also developed, consisting of the Zhongdian fault, the
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Red River fault, the Qujiang fault zone, the Nujiang fault zone, and the Jinsha River fault.
The left-lateral strike-slip of the SYR together with the right-lateral strike-slip of the other
blocks contribute to the conjugate strike-slip of the southern and western Yunnan areas.
The faults experiencing left-lateral strike-slip are the Wanding fault, the Nanting River fault,
the Daluo fault, the Jinghong fault, the Dien Bien Phu fault, and that experiencing the right-
lateral strike-slip is the Longling-Lancang fault. Since the last century, 122 earthquakes of
magnitude 6.0-6.9 and 23 earthquakes of magnitude 7.0-7.9 have occurred in the region,
and the largest recorded earthquakes in the SYR are the 1833 Songming M 8.0 earthquake
and the 2008 Wenchuan Mw8.0 earthquake.

Accommodating the strongest crustal deformation and seismic activity in the QTP, the
SYR has been a focus for studying the present-day crustal deformation model and tectonic
evolution of the QTP. GPS observations show a large-scale southeastward lateral movement
on the southeastern margin of the QTP [8,9]. The “rigid block extrusion mode” [10,11]
and the “lower crustal flow mode” [12-15] were developed to constrain the internal de-
formation and lateral extrusion of the QTP, respectively. The “lower crustal flow model”
believes that the middle and lower crusts of the QTP are weak, where the crust thickening
and shortening on the eastern margin of the plateau are most likely to occur [14,16,17].
This model has been widely accepted as it can well explain the crustal deformation char-
acteristics observed on the surface. Furthermore, seismologic observations [18-24] and
magnetotelluric studies [25-29] have reported low-velocity and high-conductivity /low-
resistivity layers in the middle and lower crusts, which confirm the existence of the middle
and lower crust flow.

Although the “lower crustal flow model” can explain the deformation characteristics
of the eastern margin of the QTP well, whether the lower crustal flow in the eastern QTP
has entered the SYR and how it distributes are still debated in the geosciences field. Some
scholars have suggested that the lower crust of the eastern margin of the QTP is unlikely
to have large-scale ductile flows due to the constraints of faults and tectonic boundaries.
There may be flows along two arc-shaped channels, which may have passed through
the Jinsha River—Red River fault to southern Yunnan [29]. Some scholars believed that
the lower crustal flow from the eastern QTP was blocked by the Lijiang-Xiaojinhe fault
and stopped at the northern Yunnan [30]. Studying the crustal movements and the deep
driving mechanism in the SYR helps to understand the dynamic process of the southeastern
boundary of the QTP, and also helps to estimate the future seismic risks of the key structure
in China.

The vertical crustal deformation is important to the study of regional subsidence,
crustal evolution and fault motion. The research on seismic activity trends based on vertical
deformation provides essential information for estimating the regional strong earthquake
trends and detecting dangerous areas. The SYR is a seismically active zone, where several
strong earthquakes occurred in the past two decades, including the 2008 Wenchuan Mw
8.0 earthquake, 2013 Lushan Mw 7.0 earthquake and 2017 Jiuzhaigou Mw 7.0 earthquake.
These earthquakes brought great damages. Therefore, it is of great significance to analyze
the vertical movement characteristics of the major structural faults in the region, and to
further explore their correlation with strong earthquakes. The National Leveling Net-
work, Earthquake Leveling Monitoring Network, China Crustal Movement Observation
Network (CMONOC) and China Continental Tectonic Environment Monitoring Network
(CMTEMN) form a relatively complete deformation observation network for the SYR. The
rich archive leveling and GNSS observations can be used for studying the crustal vertical
deformation characteristics.

The traditional precision leveling and GNSS were separately used to study the vertical
crustal deformation [31-33], but their advantages cannot be fully explored. As shown
in Figure 1, the leveling route in SYR was generally arranged along the main structural
belt, resulting in some observation gaps in the middle part of the secondary blocks. The
GNSS stations were uniformly distributed, covering the observation gaps in the leveling
route. The two observations are spatially complementary, so combining them can solve
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the problem of lacking velocity reference when using only leveling observations, and slow
down the error transferring and accumulation. It also can constrain the deformed surface, so
as to obtain a regional vertical motion field with higher spatial resolution and reasonability.
Here, we use the least squares collocation method to obtain the vertical subsidence rate of
the SYR, combining high-precision leveling data [31,34] with the observation of 320 GNSS
stations in the CMONOC and the CMTEMN from 1999 to 2017. On this basis, we analyze
the vertical motion characteristics and dynamic mechanism of this region.

96° 98" 100° 1027 104" 106*

Legend

N fault o city
@ earthquake (M=7.0)

A GNSS station
B leveling point

profile

9" 98" 100 102° 1047 106"

Figure 1. The tectonic setting of the Sichuan—Yunnan region (SYR). Triangles and squares denote
GNSS stations and leveling points, respectively. Red dots denote the M > 7.0 earthquakes occurred
in this region since 1900. Profiles AA’, BB’ and CC’ will be discussed in Section 3.1. Inset shows the
location of the study area in China.

2. Data and Processing
2.1. Leveling Data

The leveling data are from Hao et al. [31], containing the leveling vertical velocities of
3386 measuring points from 1977 to 2011. In addition, the velocities of 98 measuring points
from 1990 to 2015 provided by Su et al. [34] are used as supplement. Therefore, the leveling
data of 3484 measuring points in total during 1970s—2010s are used for this study. All
leveling routes have the data accumulation of more than 2 periods to ensure the reliability
of the results. A leveling network of several thousand kilometers usually takes many years
to complete the first observation. To solve the time inconsistency, we use the linear dynamic
adjustment method to obtain the average vertical deformation rates in a long period. For
the rank deficiency of the normal equation, we adopt the rate of a small number of GNSS
observation stations as the a priori constraint. The GNSS vertical velocity values (vertical
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motion velocity under ITRF2005) are from Wang [26]. Hao et al. [31] provided the data of
eight GNSS sites, including CHDU, XIAG, KUNM, XNIN, JB08, JB09, JB27, JB35 and JB40,
and Su et al. [34] provide the data of 4 GNSS sites, which are XIAG, KUNM, JB40 and SCJL.
Theoretically, after the constrained adjustment, the benchmarks for the two datasets are
the same. On the basis of Hao’s results, this study uses the flux isostasy theory [35-37] to
obtain the leveling results under the unified benchmark of the two datasets. The velocity
uncertainty is estimated by the dynamic leveling adjustment. On this basis, we remove
the gross errors and obtain the vertical motion vectors from the remaining 3278 measuring

points (Figure 2a).
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Figure 2. The vertical motion vectors of the SYR obtained (a) from the leveling data, (b) from the
GNSS data, and (c) by fusing the leveling and GNSS results.

212



Remote Sens. 2022, 14,1139

2.2. GNSS Data

This study collects the observations of 320 GNSS stations in the CMONOC and
CMTEMN for the SYR from 1999 to 2017 and adopts unified models to process the global
International GNSS Service (IGS) station data and the GNSS data by using the GAMIT
/GLOBK10.61 software [38,39]. The steps are as follows: (1) simultaneously solve the
satellite orbits, earth orientation parameters, station coordinates, tropospheric delay and
horizontal gradient parameters. Use loosely constrained algorithms for the station po-
sitions (5 cm for IGS core stations and 10 cm for other stations); (@ fix the ambiguity;
() set the satellite masking angle as 10°; (9) set the sampling interval as 30 s, and reweight
the observations according to the post-test phase residuals [40]; ® calculate the earth
tide correction, ocean tide correction and pole tide correction. The ocean tide load model
adopts FES2004 [41]; (® adopt GMF as the tropospheric mapping function [42]. The atmo-
spheric tide load correction and non-tidal atmospheric load correction are not considered;
(@ adopt the absolute antenna phase center correction model; () use GLOBK for benchmark
transformation to obtain the station coordinate time series with respect to ITRF2014 [43].
During the transformation, 7 parameters, including the benchmark transformation esti-
mates, translation, rotation and scale factor, are used to reduce the datum distortion caused
by the unmodeled non-tidal atmospheric pressure load; (9) select 77 IGS stations distributed
evenly around the world as the frame sites to achieve the self-consistency of the results
from the multiphase observations. Finally, the epochs of the stations with the error bigger
than 5 mm north, 5 mm east and 20 mm up are removed to obtain the precise coordinate
sequence of the GNSS station.

The coseismic deformation and post-seismic deformation of large earthquakes are
useful for understanding the long-term tectonic deformation. From 94 continuous GNSS
stations in the SYR, we obtain the tectonic velocity by the following principles: for the
observations from the stations in the near field of some large earthquakes, such as the 2008
Wenchuan M8.0 earthquake, only the pre-earthquake data are used to avoid the influence
of post-earthquake deformation; a small number of stations with no pre-earthquake ob-
servations or only with the first-phase observation data are discarded; the data from the
stations in the far field are corrected by the estimated coseismic displacement. We analyze
the GNSS deformation time series to obtain reliable vertical velocity, during which only the
coseismic deformation and unexplained step effects are considered. The vertical velocity is
obtained by Formula (1).

ng
y(t;) = a+ bt +csin(27t;) +d cos(271t;) + e sin(47t;) + f cos(47t;) + Y gihi(ti —tg;) (1)
j=1

where a is the initial position, b is the rate of linear motion, ¢ and d are the annual term coef-
ficients, e and f are the semi-annual term coefficients, g is the magnitude of jth step caused
by the replacement of equipment or the coseismic displacement and & is the Heaviside
step function.

In order to ensure the reliability of the vertical velocity from the GNSS station, we use
time series analysis to evaluate the observations in terms of observation time span, number
of observation periods and station stability, etc. The selected GNSS stations should satisfy
the following requirements: the weighted root mean square (WRMS) of the coordinate is
less than 3.3 mm horizontally and 10 mm vertically; the observation time is longer than
7 years; the station has at least 4 observation periods. Finally, 226 GNSS stations with
low observation noise and little interference from annual motion are selected. The linear
motion rate is estimated without considering the annual motion. Figures 3 and 4 shows the
time series and fitting results of the coordinates of some campaign and continuous stations,
respectively. The residuals after fitting are small, with the horizontal WRMS smaller than
3 mm and the vertical WRMS smaller than 8.0 mm. These results demonstrate that the
above processing scheme can obtain reliable horizontal and vertical movement trends of
the stations.

213



Remote Sens. 2022, 14,1139

North/mm

North/mm

North/mm

North/mm

North/mm

North/mm

In addition, in order to increase the spatial resolution of GNSS stations, we adopt the
vertical velocity of 441 GNSS stations from 1998 to 2013 from Liang et al. [44]. Following
the regional flux isostasy theory, we superimpose the calculated data on Liang’s velocity
field to obtain the GNSS vertical velocity in the SYR from 1990s to 2010s. Then, the gross
error is removed to obtain the GNSS vertical motion vector (Figure 2b).
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Figure 3. Time series and errors of the north (left), east (middle) and vertical (right) components of
three GNSS campaign sites. The first two rows are for station G352, the third and fourth rows are for
station GB01, and the fifth and sixth rows are for station H337. The red lines indicate the estimated
velocities. The WRMS of every component are shown at the left up corner of error panels.
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Figure 4. Time series and errors of three GNSS continuous sites: SCML (first two rows), YNDC (third
and fourth rows), SCTQ (fifth and sixth rows). Others are the same as Figure 3.

2.3. Fusion of the Leveling Results and the GNSS Results

The 1970s-2010s leveling vertical velocity obtained by the linear dynamic adjustment
method and the 1990s-2010s GNSS vertical velocity obtained using the time series analysis
model are the annual average velocity of the long-time vertical motion and can reflect the
background characteristics of the current vertical crustal movement in the SYR. In order to
increase the spatial resolution of the deformation velocity by exploring the advantage of
the above two results, we develop the least squares collocation method from the method of
Vestol [45], which is based on multiquadric function [46-52].

The error equations for the two types of data are as follows

m
Vi 21 CQi(x,y) +Si—1;
iz

m
;= 21 C]'Q]'(X,y) + 5]‘ — l]'
i—

Vi = A X+BS— L
Vo = AyX+BoS— Ly

}:>V=AX+BSfL )
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15

where Q;(x,y) = ((x — x,‘)2 +(y— y,‘)z)T + 1. Vj is the error equation for the leveling

results. It is obtained by Helmert iterative adjustment, and the corresponding weight

matrix is Py; V; is the error equation for the GNSS results, and the weight matrix is P;.

1 is the observation, C is the kernel function coefficient, Q(x, ) is the kernel function, S is

the random signal, A is the design matrix, X is the unknown parameter, B is the coefficient

matrix and L is the observation Vector, V = AX + BS — L is the overall error equation, with
the weight matrix p.

From Formula (2), we obtain

R = (ATCLA) AT ML )

$ = CssBTCy k(I - AX)

where Cxx = Caa 4+ BCssBT, with Cyp and Cgg denoting the covariance matrix of the

observed value and of the random signal, respectively.
The mean square error of the unit weight is

20 1 [ n—2tr(N"INa) + tr(N"INy ) tr(N"'NaAN""Ns) {VTPAV} (4)
520 tr(N"INyN~1Ng) n—2tr(NINg) + tr(N-INg)* | [ §7Ps$
where
_[atrfa atelB ] _[aTP{a ATRB [o o
sTpY A BTRYB+ PO | T | BTRYA BTRYB | 0T [0 B
The adaptive factor is
al) = 20 /20 ®)

The two types of observations are divided into two groups, and we apply iterative
calculation to each group using the adaptive least squares collocation method [53,54].
The specific process is as follows: (D) solve the least squares collocation configuration by
formulas (2) and (3); @ solve the posterior unit weight error ?721), &él) and adaptive factor
ald) by formulas (4) and (5); @) determine whether | x® — 11 < ¢ works, where ¢ is a small
constant, which is 0.001 in this paper. If the conditions are satisfied, the iteration stops;

if the conditions are not satisfied, let PXH) = a(i)Pg), modify the weight of the observed
value and repeat steps -3 .

3. Results and Discussion
3.1. The Current Vertical Crustal Deformation in the SYR

The leveling vertical velocity ranges from —2.3 to 6.5 mm/a, and the error ranges from
+0.5 to 2.1 mm/a, with an average error of £1.2 mm/a (Figure 2a). The GNSS vertical
velocity ranges from —3.6 mm/a to 4.9 mm/a, and the error ranges from 0.1 mm/a to
+2.4 mm/a, with an average error of £0.9 mm/a (Figure 2b). As Figure 2 shows, the two
results are complementary in space. After fusion, the leveling observation increases the
spatial density of the GNSS observation across the faults, and the GNSS observation makes
the spatial distribution of the leveling observation more even. The vertical deformation
velocity derived from these two datasets in the eastern margin of the QTP and its surround-
ing areas are consistent. Generally, the deformation in the SYR is dominated by uplifts. The
uplift rates are large in eastern Tibet and the northern part of the rhombus block. Some
regions have subsidence, including the Sichuan Basin and its periphery, the Jinghong-Pu’er—
Jiangcheng area in southern Yunnan, and the Yunlong-Baoshan—-Changning area.

In this paper, the least squares collocation method based on the multiquadric function
is adopted to fuse the results of the two datasets with the adaptive Helmert iterative weight-
ing. During the fusion, the two results constrain each other to ensure the comparability. The
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velocity after fusion ranges from —3.1 mm/a to 6.3 mm/a (Figure 2c). We generate the con-
tour and gradient maps from the fused vertical motion rates by the least squares collocation
method (Figure 5). On the whole, most areas in the SYR show vertical deformation patterns
dominated by uplifts. Specifically, the eastern Tibet and the northern part of the rhombus
block in the SYR have rapid uplift, but the Sichuan Basin and its periphery, the Jinghong-
Pu’er-Jiangcheng area in southern Yunnan and the Yunlong-Baoshan-Changning area
show subsidence.

96 o8° 100° 102 104 106
34 SUC 0 34
3 5
N
N
NES z
4 A
32 ) /\T \f N / \ : 32
N Wi g et
6] -
TR I
30 2 - 30
) 1
| ) LAl 7
(8 N
R o g i h
28° e a 7o ) 28
6 7 (£
&% D
Lijx M S 3
)
\ N
26 \ ﬁ S \ 26
o / %
: 3 b R
3 N | 2
- X 1\\ <
2 ing 3 24
I 2 /i,
Legend 75 o B
i b §
o city . fault D )
Total gradicnt(10%a) s X
2 2
0123456
P (b)
0 75 150

96° E3

102

104

96"

98°

100°

102°

104°

106°

Figure 5. (a) Contour and (b) gradient map of the vertical motion velocity in the eastern margin
of the Qinghai-Tibet Plateau and its surrounding areas. Solid black lines indicate the contours of
vertical motion velocities in (a) and gradients in (b). The blue and red arrows are the vertical velocity
after fusing the GNSS and the leveling data, respectively.

We combine the reported horizontal crustal movement features in the SYR [55] with
our vertical deformation velocities to analyze the crustal movement features in the SYR:
the vertical uplift is very obvious in the areas with strong horizontal crustal compression;
the subsidence appears in the areas with extensive horizontal tension; the horizontal and
vertical crustal movements are spatially coincided. These features reflect that the SYR
was pushed and rotated by the QTP and blocked and squeezed by the South China block.
In such an environment, the vertical crustal movement presents the contemporaneous
occurrence of crustal compression, shortening and uplift and basin extensional subsidence.
The detailed characteristics of the vertical deformation are as follows:

(1) The vertical velocity of the eastern Longmenshan fault is —2 mm/a~—1 mm/a,
and that of the subblocks from the western Longmenshan fault to the southeastern
Longriba fault is 1 mm/a~3 mm/a, showing rapid uplifts. The results are consis-
tent with those of Hao [31] and Du et al. [56]. The two sides of the Longmenshan
fault show very obvious vertical motion. The northwestern part, in which the 2008
Wenchuan M8.0 earthquake occurred, is also in a high gradient area of vertical velocity
(2.0~3.0 x 1078/a).

(2) The average deformation velocity is 2 mm/a in the areas to the north of the east-
ern section of the East Kunlun fault, from the eastern section of the Ganzi—Yushu
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fault to the Xianshuihe fault and the Kangding-Yajiang-Litang-Batang area. The
maximum velocity, 4 mm/a, is observed at the eastern section of the Ganzi-Yushu
fault, but it rapidly drops to about 2 mm/a at the junction with the Xianshuihe fault,
and then gradually rises to 3 mm/a~4 mm/a along the Xianshuihe fault, showing
a segmentation feature. The results of the Gongga Mountain area, a part of the
southeastern section of the Xianshuihe fault, are consistent with those of Wang [26]
(1.8 mm/a~3.6 mm/a) and Wang et al. [57] (about 4 mm/a), but are smaller than
those of Su et al. [34] (5 mm/a~6 mm/a) and Wang et al. [58] (7.4 mm/a). The overall
uplift also confirms that during the plastic flow, the material under the QTP crust was
compressed near the boundary due to the blockage of the hard Sichuan Basin and
exerted great upward fluid pressure on the elastic upper crust [26,59].

The uplift rate is 1.5 mm/a~2.0 mm/a for the Anning River fault, the Zemuhe fault and
the area surrounded by the Daliangshan fault, smaller than the 2.5 mm/a~3.0 mm/a
of Wang et al. [57].

The interior area of the rhombus block is dominated by uplift, with a rate ranging
from 0.5 mm/a to 2.0 mm/a. The rates vary greatly between the north and south
parts. The velocity of the block boundary is smaller than the internal part, which is
0.5 mm/a~1.5 mm/a. The vertical deformation velocity on the west side is smaller
than that on the east side. The whole rhombus block presents an E-shaped (with the
opening to the north) uplift.

The whole Western Sichuan Plateau has rapid uplifts. The uplift velocity gradually
increases from the west (1 mm/a) to the east (4 mm/a), and that of the north block is
3 mm/a.

The Longmenshan fault and the junction between the Chengdu Plain and the western
mountains, namely the Jiangyou-Beichuan-Dujiangyan-Mabian-Zhaotong area, have
a subsidence velocity of 2 mm/a; the Longling-Lancang River fault and the area near
the Daluo fault has a subsidence velocity of 3 mm/a; the average subsidence rate
in the east of the Lancang River fault and the Jinghong-Pu’er—Jiangcheng area is
1.5 mm/a; on the west side of the northern section of the Red River fault, namely
the area surrounded by Dali-Yunlong-Tengchong-Lincang, the subsidence rate is
smaller than 1 mm/a; in the area on the east of the Jinsha River fault zone, that is,
from Xiangcheng to Zhongdian, the subsidence rate is smaller than 1 mm/a.

To further explore the vertical deformation features of some important sections in the

SYR, we extract three profiles, AA’, BB’ and CC/, in the eastern Bayankala block, the eastern
part of the Sichuan—Yunnan border and the southern Yunnan area, respectively (Figure 1).
Vertical motions along these three profiles are shown in Figure 6. Profile AA’ starts from the
Aba area of Sichuan and trends NW-SE to Chengdu, with a total length of about 300 km,
crossing the Longriba and Longmenshan faults. Profile BB’ starts from Yanyuan and trends
NE-SW to Yuexi, with a total length of about 370 km, crossing the Anning River and the
Mabian-Ebian fault. Profile CC’ starts from Mojiang and trends NE-SW to Qujing, with
a total length of about 380 km, crossing the Red River and Xiaojiang faults. The vertical
deformation characteristics reflected by the profiles are as follows:
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Figure 6. Three profiles, AA’, BB’ and CC’, showing the vertical motions in the SYR. Profile locations

are shown in Figure 1.
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Profile AA” shows that the two sides of the Longmenshan fault have opposite vertical
motions, with the east side subsiding (-2 mm/a~—1 mm/a) and the west side
uplifting (1 mm/a~3 mm/a). The two sides of the Longriba fault also have opposite
vertical motions, but the rate difference is smaller, as the uplifting rate on the west side
is 2 mm/a~2.5 mm/a, and the subsiding rate on the east side is 2.5 mm/a~3 mm/a.
In general, the area on the west of the Longmenshan fault has rapid uplift, especially
the area near the Longriba fault with a rate of 2 mm/a~3 mm/a. The area with the
maximum uplift rate area is located 100 km east of the Longriba fault. This suggests
the contemporaneous occurrence of crustal compression, shortening and uplift and
basin extensional subsidence, as the Bayankala block’s eastward motion was blocked
by the South China block. The rapid material and energy accumulation are favorable
for the occurrence of strong earthquakes.

Profile BB shows that the vertical velocity of the east side of the Mabian-Ebian fault is
—2mm/a~—1mm/a, and that of the west side is 0.5 mm/a~1.5 mm/a. The two sides
show significant vertical motion difference. On the two sides of the Anning River fault,
the vertical movement difference is not significant, both showing uplifts with a rate of
about 1 mm/a. This suggests that the series of thrust faults on the border of Sichuan
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and Yunnan experienced compression and rising caused by the eastward movement
of the northwestern Sichuan block. There may be risks of regional strong earthquakes.

(3) Profile CC’ shows that the vertical movement rate of the east side of the Xiaojiang
fault is 0.5 mm/a~1.5 mm/a, and that of the west side is 0.5 mm/a~2.0 mm/a, which
are not significantly different. The vertical movement rate on the south side of the
Red River fault zone is 0.5 mm/a~1.5 mm/a, and the vertical difference between the
two sides is not significant.

3.2. Kinetic Mechanism

The SYR is located on the southeastern margin of the QTP, where the lateral extrusion
of the QTP caused by the northward push of the Indian plate was blocked by the stable
South China block, resulting in the plateau eastern margin continuously uplifting [31,44].
Such a movement pattern has seen no great changes since the Pliocene [17,60]. The collision
between the Indian plate and the QTP plate not only caused the crust vertical movement,
but also controlled the fault motion mode and the horizontal movement of each block.
Most of the material from the QTP moved southward. The rheological strength of the
middle and lower crust in the SYR is weaker than that of other crusts. The crust thickness
in the region is 20~30 km less than that of the Sichuan Basin and South China block, and
the elevation difference is about 3000 m, causing lateral pressure difference. Under this
pressure difference, the weak rheological layer in the middle and lower crust flowed, which
enhanced the clockwise rotation of the lithosphere in the southeastern QTP around the
eastern Himalayan tectonic junction. Such rotation caused the deformation of the upper
brittle crust and the movement of the faults, which finally showed as a huge left-lateral
strike-slip arc fault structure [61].

The material from the eastern margin of the QTP flowed to three directions. Some
moved northeastward and interacted strongly with the Ordos Basin. Some moved to
western Sichuan and strongly coupled with the Longmenshan fault, and the other moved
to Yunnan after a sharp turn. In the Longmenshan area north to the Xianshuihe fault,
the material accumulated in the middle and lower crust after being blocked by the hard
crust of the Sichuan Basin, resulting in sharp crust thickening and strong surface uplifts,
forming the towering Longmenshan Mountains [14,16,62—-64]. In the SYR south to the
Xianshuihe fault, the crust was relatively soft and the material flow channels in the middle
and lower crusts were open. Affected by the drag of this pipeline flow, the SYR had a
clockwise rotation, and the crust gradually thickened on a scale of thousands of kilometers.
A large-scale of ground surface had uplifted, forming the broad southeastern margin of the
QTP, featured by similar geomorphology and blurred boundary [14,16,17,63,64].

3.3. Distribution of Lower Crustal Flows

Deep geophysical exploration revealed that the middle and lower crusts on the eastern
margin of the QTP have seismic low-velocity [21,23,28], high Poisson’s ratio [19,27] and high
conductivity /low resistivity [25,27,28]. These conditions favor partial melting, especially if
there are salt-bearing fluids. Partial melting reduces the strength of the middle and lower
crusts and promotes laminar flow [61].

In this study, the finite difference method was adopted to calculate the effective elastic
thickness of the lithosphere in the SYR from the EIGEN6C4 Bouguer gravity anomaly and
SIO V15.1 topographic data (Figure 7). The effective elastic thickness of the lithosphere
reflects the relation between the mechanical strength of the lithosphere [65,66] in the
geological time scale (>1 Ma) and the composition of crust-mantle matter, thermal state,
and the crust-mantle coupling extent [67,68]. Combined with the reported results in
seismology and magnetotelluric fields, we infer that the extruded material from the QTP
was blocked by the Sichuan Basin, and accumulated in the Litang-Daocheng-Lijiang area,
which showed as prominent surface uplifts and large-scale internal crustal deposits with
low velocity and high conductivity /low resistivity. A small part of the material may have
moved northward through the Kangding-Daofu area in the Xianshuihe fault, but most of
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the material moved southward. After being blocked by the southern Yunnan block, a part
of the material flowed to Tengchong in the southwest and the rest flowed southeast to the
Panzhihua-Dongchuan area.
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Figure 7. The effective elastic thickness of the lithosphere in the SYR, calculated from the EIGEN6C4
Bouguer gravity anomaly and SIO V15.1 topographic data.

The vertical crustal movement features in the SYR (Figure 2) suggest that the south-
eastern margin of the QTP was blocked by the Sichuan Basin, so most of the material
flowed southward along the arc-shaped channel into southern Yunnan, some of which was
blocked by the Lijiang-Xiaojinhe fault. The rest continued to move southward, but was
blocked by the southern Yunnan block. Some crossed the Red River fault and flowed to
Pu’er in the southwest, and the rest crossed the Xiaojiang fault and flowed to Liupanshui
in the southeast. In the SYR, due to the blockage of the Lijiang-Xiaojinhe fault, the material
crossed the Jinsha River—Red River fault and the Xiaojiang fault in the southwest and
southeast directions, respectively.

4. Conclusions

Fusing the precise leveling data of the 1970s-2010s and the GNSS data of the
1990s-2010s by the least squares collocation method, we obtain the background field
of the vertical crustal movements in the SYR, which reflects the features of the current
crustal vertical movements in this region. These features coincided with the neotectonic
movement background that the plateau and mountains uplifted and basins subsided. We
come to the following conclusions:

(1) Calculating the vertical deformation field of the regional crust by fusing leveling data
and GNSS data can use the advantages of the two data. The obtained deformation has
more uniform spatial distribution, and shows more detailed change characteristics
of the key regions, than the results obtained from either data. Furthermore, it takes
into account the vertical deformation characteristics of the whole region and some
important areas and sections, to obtain more comprehensive and detailed vertical
deformation.

(2) Under the combined contribution of the pushing and rotation of the QTP and the
blocking and compression of the South China block, the current vertical crustal move-
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ment in the SYR presents the contemporaneous occurrence of crustal compression,
shortening and uplift and basin extensional subsidence.

(3) In the study area, the current vertical crustal movements have two different trends
on the two sides of the boundary formed by the Longmenshan fault and the Lijiang-
Xiaojinhe fault. The region on the northwest side is dominated by rapid uplift, and
the uplift rate gradually increases from 1.5 mm/a on the west side of the Western
Sichuan Plateau to 5.5 mm/a on the east side. The material from the QTP crust flowed
southeastward, and was blocked by the South China block in the east. It exerted
great upward fluid pressure on the elastic upper crust, and led to the uplift of the
whole region. However, the west side of this region bore smaller blockages and
formed smaller upward fluid pressure than that on the east side. The region on the
southeast side of the boundary, namely the central Yunnan and South China blocks,
had slight uplifts, with a rate of 1.0 mm/a~1.5 mm/a. The surrounding areas had
dominating subsidence, especially the Longling-Lancang fault and the Daluo fault,
with the subsidence rate of 0.5 mm/a~2.0 mm/a. The reason is that the material
under the QTP crust was divided into two branches in this area, and flowed in the
southwest and southeast directions separately. This bifurcation released the upward
fluid pressure and caused the subsidence of the elastic upper crust.

(4) This region has many areas with high gradient vertical deformation, including that
on the northwest side of the Longmenshan fault (2.0~3.0 x 10~8/a), and the intersec-
tion of the Xianshuihe, Longmenshan and Anning River faults (2.0~3.0 x 1078/a),
the area near the Wenshan fault (3.0~4.0 x 1078/a), the area near Jinggu fault
(2.0~4.0 x 10~8/a), west side of the Jinsha River fault (2.0~5.0 x 10~8/a) and both
sides of the Yarlung Zangbo fault (3.0~4.0 x 1078/a).

(5) The vertical movements in the SYR suggest that the material from the QTP was
blocked by the Sichuan Basin and caused the uplift of the southeastern margin of
the QTP. The material that flowed to the south was blocked by the southern Yunnan
block. One branch passed through the Red River fault and flowed to Pu’er in the
southwest. The other branch passed through the Xiaojiang fault and flowed to the
Liupanshui fault in the southeast. The surface deformation confirms the “crustal flow
model”, but whether these low-velocity areas are connected to each other and where
they are from remain unclear. These issues may be solved by simultaneous detection
and comprehensive constraints using methods such as comprehensive geophysical
profile detection and dense array detection.
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Abstract: Long-term settlement monitoring of infrastructure built in soft clay areas is of great
importance. When using InNSAR technology for soft clay settlement monitoring, deformation modeling
is a key process. In most INSAR deformation modeling, each component of the total deformation
is expressed directly with a fixed functional model in phase functions and assumed to occupy an
equal weight. This causes equal weight assumption uncertainty and ignores the actual certain
contribution of each phase component related to certain deformational factors. Moreover, the
commonly used mathematical empirical models in traditional InNSAR are not suitable for describing
the nonlinear characteristics of the temporal settlement evolution for soft clay. To address these
limitations, we propose an SAR interferometry algorithm, namely, FIPR (FastICA Poisson-curve
reciprocal accumulation method), which separates the original INSAR signal based on FastICA to
extract each deformation component, and then the models can each extract deformation components
and estimate the unknown parameters based on a reciprocal accumulation method. Each independent
component and the obtained deformation parameters are used to generate the final deformation time
series. Both simulated and real data experiments were designed. The simulated experimental results
indicated that the sICA (spatial independent component analysis) separated results were much closer
to the original signals than those of the tICA (temporal independent component analysis), with their
RMSE lower than 2 mm, and the sICA is thus more highly recommended. Beijing Capital International
Airport in China was selected as the study area in the real data experiment. Using 24 high-resolution
TerraSAR-X radar satellite images from January 2012 to February 2015, the time-series deformation
was obtained, with the maximum cumulative subsidence of 126 mm. The modeling accuracy for
the proposed model was estimated as £2.6 mm, with an improvement of 36.6% compared to the
EWA-LM (linear model with equal weight accumulation) algorithm and 16.1% compared to the EWA-
PC (Poisson curve with equal weight accumulation) algorithm. The RMSE with external leveling
measurements was estimated as £1.0 mm, with 69.7% improvement compared to EWA-LM and
50% to EWA-PC. This indicated that FIPR can reduce the uncertainty of artificial assumptions in
deformation modeling and improve the accuracy of deformation analysis for highways in soft clay
areas, providing a reference for road maintenance and management.

Keywords: InNSAR; independent component analysis; soft clay; highway; deformation monitoring
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1. Introduction

Long-term settlement monitoring of soft clay in urban areas is of great significance
in preventing urban safety accidents and ensuring the quality of urban engineering con-
struction [1-4]. Interferometric Synthetic Aperture Radar (InSAR) has been widely applied
to ground surface movement monitoring with its advantages of large spatial coverage,
high imaging resolution, and non-intrusive surveying. MT-InSAR (Multi-temporal In-
terferometric Synthetic Aperture Radar) technology, represented by persistent scatterer
InSAR (PSI) [5], small baseline subsets INSAR (SBAS-InSAR) [6], and other advanced InSAR
techniques, with its advantages of large spatial coverage, non-contact observation, and
high accuracy for earth observation, has been proven to possess high capability in large
urban infrastructure monitoring [7-13].

In InSAR data processing, deformation modeling is a crucial step. Most INSAR de-
formation models used for highway deformation monitoring are single mathematical
empirical models (such as linear models [6], seasonal models [14], polynomial models [15],
etc.) or their combinations, which ignore the specific deformation mechanisms of soft clays
and are not able to describe the real temporal displacement law of the soft soil. This may
affect the accuracy of the final derived deformation time series and counteract the subse-
quent highway deformation prediction and interpretation during the post-construction
period. To correct these deficiencies, Zhu et al. proposed a temporal INSAR deformation
model based on Poisson’s curve and successfully implemented it in the soft clay highway
deformation estimation, which showed an accuracy improvement of 67% compared to
the traditional InNSAR model [16]. However, in the study, each deformation component,
such as the Poisson model-related component and the linear component, was directly
superimposed on the established INSAR phase functions under the assumption of equal
weights. Actually, the information of the differential interference phase was considerably
complex, so the simple equal weight composition for all the deformation components under
the equal weight assumption could not reflect the actual characteristics of deformation com-
position and introduced uncertainties and errors. If each signal in the INSAR phase can be
accurately separated, accurate deformation-related components can be extracted and then
modeled according to the displacement characteristics, the significance of the model will
be enhanced, and the accuracy of the final acquired deformation will be greatly improved.

Independent component analysis (ICA) is a commonly used blind signal separation
(BSS) technique employed to decompose mixed random signals into linear combinations of
independent components. It has been widely used in image extraction [17], seismic wave
decomposition [18], and measurement data processing [19-24]. Scholars have applied ICA
to the separation of the InNSAR phase and deformation signals to assist in the analysis of
geophysical phenomena. Bellator successfully used ICA to extract the digital elevation
models from SAR data [25]; Ebmeier et al. applied ICA in InNSAR volcano monitoring [26]
and proved that ICA was capable of analyzing and separating volcanic signals accurately,
even under atmospheric noise interference situations; Gaddes et al. applied ICA to the 2015
Wolf volcanic eruption and developed an algorithm based on ICA technique to identify
the volcanic eruptions [27]; Peng et al. utilized ICA in the separation of the mixed InSAR
time-series signals and proved that ICA could not only reveal the existence of two different
spatio-temporal deformation characteristics in the Willcox Basin but also filter the residuals
in InSAR observations [28]. The above studies fully validated the feasibility and reliability
of the idea that introducing ICA for InNSAR phase separation can assist the subsequent
deformation extraction and analysis.

To compensate for the uncertainty of artificial assumptions with equal weight mod-
eling in traditional InNSAR data processing and to improve the accuracy of deformation
estimation, we propose an ICA-based deformation estimation method for soft clay regions—
FIPR (FastICA Poisson-curve reciprocal accumulation method). First, we use the FastICA
algorithm to separate the original InNSAR signals to extract and analyze the deformation
signals in InNSAR data. Then, we use the Poisson curve to model the extracted deformation
components and the periodic function to model the environment-related components, and,
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we then introduce the reciprocal accumulation algorithm to estimate the model parameters.
Finally, we obtain the total time-series deformation results. The FIPR SAR Interferometry
Algorithm proposed here can achieve high-accuracy in deformation monitoring and future
deformation prediction. The proposed method can assist in revealing the information of
deformational magnitude, boundary of occurred scope and area, suggesting potential risk
areas and suspected hidden danger points, identifying the occurred and potential geologi-
cal disaster areas to a certain extent, and providing guidance for the related government
and constructions to carry out in-situ emphasis of monitoring areas.

2. Methodology
2.1. InSAR Signal Separation Based on FastICA

ICA is a data-driven method based on blind source separation. Its basic principle is to
separate the multi-channel observation signals into statistically independent components
according to a certain optimization criterion method [29,30]. Compared with the model-
driven method, it can effectively detect signal features without any prior conditions, such as
a functional model and the weight of each independent variable [31]. Ebmeier et al. proved
that in the interferogram formed by the complex conjugation of two SAR radar images,
each pixel can be regarded as a linear combination of specific points and noise signals in
the time series of multiple potential deformation sources [26]. If these noise signals and
deformation sources are statistically independent, spatially and temporally, the restoration
of the original signal can be regarded as the problem of blind source separation. The
relationship between the INSAR time-series phase signals and the independent components
can be expressed as:

X=A-S (1)

where X is the obtained unwrapped temporal INSAR phase signals; A is the mixing matrix,
where the rows represent the spatial responses of the independent components; S is the
independent component matrix, where each row represents an independent component.

The original InNSAR data are a set of image sequences that should be squeezed into a
two-dimensional matrix X-(M X Npy) in spatial ICA (SICA) or X+(Np;xe x M) in temporal
ICA (tICA) processing. The different arrangement of X determines that ICA has different
detection methods in the response domain of INSAR data. sSICA considers that multiple
regions related to deformation signals, noise, and other interference factors are independent
of each other. It considers all N pixels at M time points as mixed observation vectors for
independent component analysis and separates the images of M independent components.
Among them, the number of mixed signals is the same as the number of interferograms
(M), and each signal is sampled on N pixels. tICA considers that the time series related to
deformation signals, noise, and other interference factors is independent. The mixed time
series formed by N pixels sampled in M time points is decomposed as an observation vector
to separate the time series of n independent components. Since the number of time-series
InSAR observational data in the spatial dimension is much larger than that of the temporal
dimension, and the signals of ground deformations are strongly independent of the noise
signals, scholars generally use sICA to analyze InSAR data [26,28,32].

With the unwrapped time-series INSAR phases generated via the SBAS technique as the
input original signals, the FastICA algorithm based on negative entropy is utilized here to
decompose the time-series phases into statistically independent sets of components [25-27].
FastICA is a widely used fast optimization iterative ICA algorithm with good stable
capability [33-36]. The InNSAR phase time series for N unwrapped interferograms on the
ith image can be represented as a vector x;:

1 2 N
Xi= (‘Pir%"iv”r‘f’i) (e
X; consists of M vectors of interferograms, which can be expressed as:

Xp= (X, %2, M) = (91,99, -, P 1) 3
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The unwrapped phase ¢; can be regarded as a linear combination of statistically
independent components, which can be expressed as:

Pi = q)i,dé’fﬂ—"_q)i,tapa +90i,orb+q)i,atm +q)i,noise (4)

where ¢; 4.7, denotes the deformation-related component, which consists of soft clay
settlement-related components ¢.f,_sof and environmental-related components ¢ef,_per:

Pdefo = Pdefo_sof + Pdefo_per (©)

Considering (3) and (4), (1) can be written as:

1 1 1 1 1 1
(Pi,defofsof’ ¢i,def7per' (Pi,ropo’ (Pi,orb’ (Pi,atm' (Pi,noise

()

XMxN = Apmxi'SixN = Apxi X

N N N N N N
(Pi,defa,sof’ (Pi,def,per’ (Pi,topo’ (pi/arb’ (Pi,utm’ (Pi,noise

For InSAR signals, deformation phases and noise-related signals can be considered
statistically spatio-temporally independent. The InNSAR observed signal can be decomposed
into the combination of each component using the immobile points iterative algorithm
in FastICA according to the characteristics of each component. Each row of A represents
a spatial response of each independent component. The extracted interested deforma-
tion component ¢; 4.7, can be used for subsequent physical modeling and deformation
interpretation.

2.2. Time-Series Modeling of the Deformation Component

As discussed above, after ¢ 4o, sor and @gefo_per are extracted through FastICA, the soft
clay physical settlement-related component D, can be modeled based on the mechanism
of soft soil. According to [16], the Poisson function is utilized here, which can be written as:

Dy

—_— 7
1+ae @)

Dsof = ﬁ?dcfo_sof -
where A is the radar wavelength, Dyyf(t) is the accumulated subsidence at moment ¢ along
the vertical direction; Dy is the maximum settlement value of the surface; 2 and b are the
shape parameters of the Poisson curve. The unknown parameters here are D, a, b [16,35].
The periodical function is used here to describe the environmental-related deformation
component, which can be written as [14]:

2 2
Dyer= ayt + ap sin Tnt+a3COS Tnt ®)
where 4y, a3, a3 denote the seasonal coefficients. Considering (7) and (8), (5) can be
rewritten as:

2 2
D +a1t+azsin7nt+agcos—nt. 9)

o o
1+ e T
Supposing N interferometric pairs are generated, the unknown parameters here are
the Poisson curve parameters (D, 4, b) and periodical function parameters (a1, ay, a3).
When the number of equations is higher than (or equal to) 6, the unknown parameters over
all the high coherent points can be estimated.

2.3. Model Parameters Estimation Based on Reciprocal Accumulation Method

Solving the unknown parameters (Dy, 4, b, a1, a2, a3) in Equation (9) is a nonlinear
parameter estimation problem, and the exponential term will aggravate the solving dif-
ficulties. Here, the Reciprocal Accumulation Method (RAM) is introduced to substitute
for the GA algorithm [37]. The basic thought for RAM is transforming the Poisson curve
modeled deformation time series based on reciprocal accumulation, and then solving the
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parameters based on their mathematical relationships, which can avoid the disadvantages
of the time-consuming iterative process, high dependence on the initial searching range of
unknown parameters, and poor accuracy of final solutions for GA algorithm. When using
RAM, it is first necessary to divide the number of input time-series observations into three
equal durations. Consequently, each period of the deformation sequence contains r = %
terms. Suppose y1, Y2, Y3, - .. , Yn represent the generated deformation sequences, each
divided duration can be denoted as:

s1 =1t byt
S2 = trp1, trga, oo bory (10)
53 = tor41, forq2, - t3re

At this point, the reciprocal form of the Poisson function (7) can be written as:

11wt
v+ Do Do’

(11)

The reciprocal accumulations for the three divided durations can be expressed as:

—b —rb
t t ae (1 —e
51 r a &g r ( )
S1=) —=—+—=—) e =—F———F, (12)

! ;yr Dy = Do ; Dy Dy(1 — e~?)

s b1 ' ae~(r+Db(1 — e—rh) )
h = e A
fo Yt D[) Do(l — Eib)

b . ae—(2r+1b(1 efrb)
— = —+
=yt Do Do(1 - e7?)

The parameter Dy, a and b can be estimated based on S; to S3 by the following equations:

S3 =

(14)

7

Do = o _ (58P ()
17 151=5)-(5,-53)
o= (S1=5) Do) (16)
((1=52) = (S,=S3))e " (1—e~1?)
In S1=%
b :%. 17)

It should be noted that two requirements must be satisfied for RAM: (1) The number
of datasets or periods in the time series should be a multiple of 3, so the total number
can be divided into three durations. (2) Independent variable temporal intervals should
be equal and continuous. Since the RAM is based on the algebraic relation between
the model parameters, no initial values for the parameters and searching iterations are
needed. Consequently, it can significantly improve the calculating efficiency and parameter
estimation accuracy. After the Poisson function parameters are estimated, the remaining
unknown periodic parameters (2, a4, a3) can be estimated by the least square algorithm.

2.4. Flow Chart of FIPR Algorithm and Processing Steps
Figure 1 shows the flow chart of the FIPR algorithm. The key steps are as follows:

(1) Unwrapped phase time series of differential interferometry are generated using the
SBAS technique;

(2) Spatial ICA phase separation based on FastICA: generating the spatial independent
component and temporal response of each component;
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(3) Deformation modeling and parameter estimation: Deformation modeling for the
extracted soft clay-related components with Poisson function and the environmental-
related components with periodical functions; model parameters estimation using the
reciprocal accumulation method, and generating the time series of each defor-mation
component based on the estimated parameters;

(4) Deformation generation using the GARN algorithm and traditional equal-weighted
accumulation modeling;

(5) Comparison and analysis of the total time-series deformation generated by the FIPR
algorithm and the traditional equal-weighted accumulation modeling algorithm.

Figure 1. Flow chart of the FIPR algorithm.

3. Simulated Experiment

To verify the effect of ICA on the separation of deformation phases and guide the real
data experiments, a simulation experiment was designed and executed here. Two groups
(six images for each group) of temporal deformation fields were simulated based on the
Poisson function represented as (7) and the periodical function represented as (8) with a
region of 100 x 100 pixel area. The linear orbital error components were modeled with
a linear trend mathematical function z = jx + ky + ¢, where j and k are random numbers
following a normal distribution. The satellite parameters used here were set according to
the images acquired in the real data experiment (TerraSAR X-band, Stripmap descending).
After superimposing the three simulated original signals, two independent groups of
experiments were conducted with temporal ICA (tICA) and spatial ICA (sICA) processing.
Figure 2 shows partial results using sICA and tICA separation. It is clearly seen from the
figure that the sICA separation fits better with the original signals compared to tICA.
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Figure 2. Comparison of the separated results of tICA and sICA at each temporal date (left: Poisson-
related components; right: periodical deformation components).

To quantitatively evaluate the accuracy of the two groups of results, the RMSE (root
mean square error) between the extracted deformation components and the simulated real
values was calculated for each temporal acquisition. Figure 3 shows the sICA-separated
results including the spatial responses (top) and time series (middle) for the two related
deformation components, and the comparison between the RMSE of tICA (the length of
each blue histogram) and sICA (the length of each top red histogram) generated results.
The spatial response was normalized to —1 to 1. The overall RMSE of the Poisson-related
components obtained by sICA was estimated as less than 2 mm, which was significantly
lower than tICA, which had an RMSE higher than 6 mm. The maximum improvement
for sICA was 85.8% at day 120. Similarly, for the periodical deformation components, the
effect of sICA was still greatly improved, with an overall RMSE of 3 mm and a 22.3%
improvement compared with that of tICA. This indicated that for the Poisson deformation
signals, the sICA-separated results were much closer to the original signals than that of
tICA. Since the high coherence points in the acquired InSAR dataset were spatially densely
distributed but temporally sparsely discontinuous, sICA performed better for the signal
separation than tICA [27]. Consequently, the spatial ICA algorithm is more recommended
for our subsequent real data experiments.
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Figure 3. ICA separated results (top-left: spatial response of Poisson-related components, and
top-right: spatial response of periodic deformation components; middle-left: time series of Poisson-
related components and middle-right: time series of periodic deformation components; bottom-left:
comparison of tICA and sICA-separated results of Poisson-related components at each temporal point;
bottom-right: comparison of tICA and sICA separation results of periodic deformation components
at each temporal point (the length of each blue histogram represents the RMSE value of tICA, whereas
the top red one represents that of SICA).

4. Real Data Experiments
4.1. Study Area and Data Processing

The experimental area selected in this paper was around the Beijing Capital Airport.
The soil in this area is mainly soft clay. The capital airport is the largest aviation port in
China, and from 1978 to 2018, the annual passenger throughput of the Beijing Capital
International Airport expanded from 1.03 to 110 million, ranking 1st in Asia and 2nd in
the world. Figure 4 shows the geographic location of the study area. The capital airport is
located in a flat area (within the elevation range of 22.0-35.4 m) between the alluvial fan
of the Wenyu River and the Chaobai River, with a complex geological environment and
partially crossing poor geological areas, such as lotus ponds and fish ponds. According
to our in situ investigation and consultation of the reference geological materials, it was
learned that the geological components of the roadbed were mostly newly deposited clayey
and sandy soils [38—40]. Under the combined influence of natural and human activities,
the equilibrium of the airport surface was highly susceptible to subsidence and disruption,
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which requires necessary long-term stability monitoring. A total of 24 TerraSAR-X-band
Stripmap ascending images (track number 157), from 22 January 2012 to 6 February 2015,
were collected and utilized. All the SAR interferometry processing was conducted via
GAMMA software, and 23 high-quality unwrapped interferometric pairs were finally
selected and generated for the subsequent processing [41].

r 40°30'N

40°00'N
Beijing
(39°43'N, ll6°57
* Capital : Beijing
Capital international airport
(39°40'N, 116°35'E)
— Study area
Provincial boundary
—— SAR coverage
39°30'N
116°00'E 116°30'E 117°00'E

Figure 4. The geographic location of the study area.

4.2. InSAR Phase-Independent Component Analysis

As discussed in Section 3, the sICA algorithm was utilized in the real data experiments
to conduct the independent phase component separation. For the specific implementation,
to determine the appropriate number of independent components for our experiments, the
contribution rates for each group of experiments under the specific number of components
were calculated in advance. It was shown that for the five independent components,
the cumulative contribution rate could reach 88%, indicating that when the number was
greater than five, the remaining contribution of components occupied less than 12%, which
could be ignored. The contribution of the first five independent components was defined
according to the ratio value defined by Liu et al. [23], which were estimated as 8.56, 5.14,
8.25,7.08, and 6.70, orderly. The smaller the ratio value, the greater the contribution of
the corresponding independent component. Consequently, the number of independent
components was set as five in our experiment. Figure 5 shows the obtained spatial response
(top) and temporal response (bottom) of the five independent components (ICs) via the
FastICA algorithm (the spatial response was normalized from —1 to 1). From Figure 5
we can see that for IC1 and IC3 there are no obvious spatial correlation characteristics in
the spatial response image (top-left) and no significant variation pattern in the time-series
response curve, inferring that the IC1 and IC3 signal may be related to the residual orbital
error and partly topography-related tropospheric delay effects. For IC2 and IC5, the overall
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spatial response of most points in regions A and B showed a similar linear displacement
trend, which was suggested to be related to the long-term deformation displacement, as
their time-series responses showed an “S” shaped trend, reflecting a high dependence on
time. Areas A and B were two typical subsiding areas, which will be further analyzed.
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Figure 5. The spatial-temporal response of each independent component (top: spatial response of
each independent component; bottom: time series of each independent component; Areas A and B
were two typical subsiding areas.).

In Figure 5 we can also see that the IC4 signal showed an obvious periodic variation
(as shown in the bottom-left of the figure); therefore, it is suggested as the environment-
related deformation component. To reveal the correlation between the periodic deformation
component and the precipitation, we conducted a correlation analysis between the extracted
periodic deformation component and the precipitation in the area, which is shown in
Figure 6. In the figure we can see that an obvious correlation with a 5-month lag effect was
revealed. The average correlation coefficient between the periodic deformation component
and precipitation was estimated as 0.536 and can be improved to 0.761 after the correction
of the five-month lag.
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Figure 6. Correlation analysis between the periodic deformation components and precipitation.

4.3. Analysis of the Generated Total Time-Series Deformation via FIPR

Figure 7 shows the generated total time-series deformation results from 22 January
2012 to 6 February 2015 obtained via the FIPR algorithm. From the spatial color distribution,
we can see that two obvious subsidence funnels were detected: the Jinzhan area (area A)
and the northwest of the capital airport (area B), which are also revealed in Figure 5 (the
enlarged image of A and B at the bottom-right of Figure 5). The area of Jinzhan mainly
presented a color pattern of red-orange to crimson, and the overall average settlement over
the area accumulated to 45 mm, with a maximum settlement of 126 mm on 6 February
2015. In contrast, the settlement in the northwestern part of the airport was significantly
weaker, mainly orange-yellow, with overall average subsidence of higher than 40 mm and a
maximum subsidence of 62 mm. The Jinzhan area suffered the most obvious ground subsi-
dence in the Beijing plain, where the subsidence was suggested as mainly related to serious
groundwater exploitation over the area. The development of ground settlement was easily
induced by excessive groundwater exploitation, where the change in groundwater level
accelerated the surface settlement [42]. In contrast, the degree of groundwater exploitation
in the northwestern area of the capital airport was relatively weak, inducing a relatively
stable phenomenon of surface deformation compared with the Jinzhan area. Judging
from the temporal change in the color pattern over the area, the overall area stayed stable
from 22 January to 20 September 2012, while from 20 September to 18 September 2013, the
deformation increased under a gradually increased subsiding velocity; from 18 September
2013 to 6 February 2015, the deformation rate generally followed a trend from gradually
decreasing to stable, which is consistent with the nonlinear subsiding law of soft clay
consolidation disciplines.

4.4. Accuracy Analysis

To verify the accuracy of our proposed FIPR algorithm, first, we conducted a correla-
tion analysis between the FIPR-generated time-series deformation results and the elevation
of groundwater level at each monitoring well for groundwater pumping. The correlation
and consistency between the deformation and the groundwater level depths can reflect the
accuracy of the generated subsidence. Figure 8 shows the results of the average subsidence
rate obtained via the FIPR algorithm, which was used as a background image to show
the locations of six feature points near the monitoring wells (see P1-P6 in Figure 8 for the
location of the feature points), where the feature points P1-P3 are located in the subsidence
funnel of Jinzhan district (area A), and P4-P6 are located in the subsidence funnel of the
northwest of the capital airport (area B). The pressurized groundwater measurements for
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the six monitoring wells within the subsidence funnels are drawn in Figures 9 and 10 (the
purple dashed lines) and compared with the deformation results generated via traditional
EWA-LM (linear model with equal weight accumulation) and EWA-PC (Poisson curve
with equal weight accumulation). It is clear from the subfigures in Figures 9 and 10 that
the blue line shows the best consistency with the purple dashed line (which denotes the
underground water level) compared with the red and the green lines. This indicates that the
FIPR-generated results showed the best accuracy. To quantitatively represent the correlation
between the obtained deformation results at each feature point and the groundwater level,
we calculated the exact correlation coefficients, which are shown in Table 1. The results
indicated that the FIPR-generated deformations showed the best correlation coefficient,
estimated as 0.946, whereas the maximum coefficient of EWA-LM and EWA-PC were 0.793
and 0.907, respectively. The reason for this phenomenon is suggested to be related to the
artificial uncertainty in modeling induced by artificial assumptions for different physical
deformation components via EWA-LM and EWA-PC. The uncertainty can be removed by
the ICA technique and can be referenced in revising the weights of different deformation
components in EWA-LM and EWA-PC.

A HE3E  163$E 11630E  16E  1E3E 1630E  HEME  163E 11630 1634E  163E 116°30E  16°3E  1E°38E

; =90 =75 =60 —45 =30 —15 0 15

Figure 7. Time-series deformation results over the study area (with reference to 22 January 2012;
Areas A and B were two typical subsiding areas.).
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Figure 8. Locations of the ground-monitoring wells and ground benchmarks with the mean velocity
map as background (Areas A and B were two typical subsiding areas; F-Fis Shunyi-Liangxiang fault;

G1-G3 is the position of three benchmarks; P1-P6 represent six feature points.).
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Figure 9. Correlation analysis between the time-series deformation results and the elevations of

groundwater level (EWA-LM: linear model with equal weight accumulation; EWA-PC: Poisson curve
with equal weight accumulation; UWL: elevation of groundwater level) at (a): P1; (b): P2; (c): P3.
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Figure 10. Correlation analysis between the time-series deformation results and the elevations of
groundwater level (EWA-LM: linear model with equal weight accumulation; EWA-PC: Poisson curve
with equal weight accumulation; UWL: elevation of groundwater level) (a): P4; (b): P5; (c): Pé.

Table 1. Correlation coefficients between the deformation obtained by the three methods and the
groundwater level.

Points EWA-LM EWA-PC FIPR
P1 0.775 0.810 0.898
P2 0.793 0.835 0.895
P3 0.784 0.758 0.871
P4 0.779 0.818 0.932
P5 0.777 0.907 0.937
P6 0.786 0.802 0.946

To verify the modeling accuracy of FIPR, the magnitude of the high-pass (HP) defor-
mation component was utilized here. According to [43], the HP deformation component
can characterize the modeling accuracy of the deformation models. The smaller the HP
deformation component, the higher the modeling accuracy. The HP deformation of each in-
terferogram obtained through the FIPR was compared with those of EWA-PC and EWA-LM.
Figure 11 shows a comparison of the HP deformation over all the high coherence points
for each interferogram. As shown in Figure 11, for all the interferograms, the root mean
square (RMS) of the HP deformation generated by the FIPR was estimated as 2.6 mm, less
than that of the EWA-LM, indicating that the FIPR was more suitable for the time-series
deformation in the test area. The RMS of the HP deformation was estimated as +4.1 mm
for EWA-LM and +3.1 mm for EWA-PC. The accuracy of FIPR was an improvement of
36.6% compared to that of EWA-LM and 16.1% compared to that of EWA-PC.
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Figure 11. RMS of HP deformation comparison of 23 SAR images (EWA-LM: linear model with equal
weight accumulation; EWA-PC: Poisson curve with equal weight accumulation).

In addition, we also collected the ground leveling measurements at three benchmarks
in the test area to evaluate the external accuracy of our proposed algorithm. The locations of
the three benchmarks are shown in Figure 8 (G1, G2, and G3), which are mainly distributed
around the Capital International Airport. The temporal span of the leveling measurements
was from September 2012 to September 2013. To conduct an accurate comparison, we
transferred the generated line of sight (LOS) deformation into vertical displacement accord-
ing to the equation S;os= Sycos 6 and extracted the six dates of the measurements, which
spanned periods consistent with the obtained SAR acquisitions. The comparison results
are shown in Figure 12. As seen in the figure, the FIPR showed the best consistency with
the leveling measurements. The bottom-left corner of Figure 12 shows the quantitative
comparison results of the RMSE on the benchmarks. According to our calculation, the
RMSE of FIPR was estimated as 1.0 mm; compared with that of EWA-PC, the accuracy
was improved by 50%, while the RMSE of EWA-PC was £3.3 mm, with an improvement
of 69.7%.
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Figure 12. Time-series deformation results compared with leveling measurements on benchmarks.
(a) G1in Figure 8. (b) G2. (c) G3.
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5. Discussions
5.1. Potential Reasons for the Derived Deformation

According to previous studies [44,45], the extent and rate of ground subsidence in the
Beijing plain area were directly related to groundwater overexploitation. The pore elastic
response of the soft clay layer to groundwater extraction acts as an elastic recoverable
settlement or an inelastic, permanent compression-induced surface deformation. When the
aquifer system exhibits continuous compression associated with a declining groundwater
table, recoverable permanent subsidence of the soft clay layer occurs. As shown in Figure 8,
the Jinzhan area (area A in Figure 5) is the most obvious subsiding area in the Beijing
plain. Groundwater in the Jinzhan area is mainly endowed with the loose pore medium of
the quaternary system, with fine particles of quaternary sediments and a large thickness
of compressible layers. The quaternary system contains plentiful layers of pore aquifers,
including both sand and gravel layers with coarser particles and good water-richness, and
the clay layers with finer particles and higher compressibility, which were formed under
the alluvial and flooding effects of the Yongding River and Chaobai River. The deposition
environment is considerably complex. Affected by tectonic activities and the intensity of
groundwater exploitation, the ground subsidence in the Jinzhan area maintains a serious
level all year and is highly related to the variations in groundwater levels. Using the
collected Beijing Water Resources Bulletin data from 2012 to 2015 provided by the Beijing
Municipal Water Bureau [46], we obtained the overall depth of the groundwater level
in the Capital International Airport area and compared it with the extracted time-series
subsidence at the feature points (P1-P6 in Figure 8) for a detailed analysis. As shown in
Figure 10, the time-series variations of groundwater level and the FIPR-derived subsidence
of the feature points showed good consistency. When the groundwater level decreased
from groundwater overexploitation, the voids between soil particles were compressed
under an external constant load; thus, the deformation at this stage (before 2014) was
characterized by a fast sinking rate; from July 2014, the natural compression of the soil
layer reached its limit and the pore ratio decreased to a constant lowest value, causing
the groundwater level to be stable. Consequently, the deformation was characterized by a
decreasing subsiding velocity and tended to be stable afterward.

For other areas around the capital airport, the ground deformation was also mainly
related to the underground responses of the soft clay with groundwater exploitation. As
shown in Figure 10, we can see that from 2012 to 2013, the buried depth of the groundwater
level in the capital airport area decreased significantly with reference to the beginning of the
year, followed by a slight increase. The ground surface of the capital airport area remained
stable during this stage; in contrast, in 2013, the serious over-extraction of groundwater led
to a 1.5 m drop in the groundwater level, which induced serious surface subsidence of a
maximum of 60 mm around the capital airport. At the end of 2014, water resources were
sufficient in Beijing during the “South-to-North Water Diversion” project, which mitigated
water use and groundwater exploitation in Beijing, and accordingly, the groundwater level
tended to slowly stabilize. Consequently, the ground surface settlement maintained a stable
status at this time.

In addition to the abovementioned effects of anthropogenic groundwater extraction,
another geological-related reason was suggested here. From Figure 8 we can see that there
is a clear linear boundary in the northwestern part of the capital airport (marked as a
red dotted line), which is a potential correlation between the surface subsidence and the
underground geological faults. According to [45], the Shunyi-Liangxiang fault was drawn
with a red dashed line in Figure 8, located in the airport area. The Shunyi-Liangxiang fault
crosses the entire airport and divides it into two parts with obviously different subsidence
rates. To reveal the subsidence characteristics for the two different areas of the airport
quantitively, a cross-section of the airport runway (marked as F-F') was extracted and
shown in Figure 13. From the figure, we can see that the Northwest part of the airport
showed relatively serious subsidence with a maximum rate of 50 mm/yr, whereas the
Eastern part had a relatively uniform and stable rate of lower than 10 mm/yr. The clearly
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diffe

rent subsiding rates on both sides of the fault indicated that it was still active, and its

location may impose a significant impact on the spatial distribution of ground subsidence.

Therefore, close and continuous long-term subsidence monitoring of the airport runway in
this area will provide an important reference for safety operations.
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Figure 13. Cross-section analysis along F-F in Figure 8.

5.2. Applicability Analysis for ICA

M

@

©)

FastICA was used to separate the original InNSAR signals to extract the exact com-
ponent of each physical deformation signal based on each independent component,
which can help to accurately determine the exact weight of each deformation signal
related to different physical factors. The exact weight (or certain contribution of
each component) can be utilized to guide subsequent deformation modeling, which
can greatly reduce the uncertainty of artificial equal weight modeling assumptions.
The results showed that the accuracy was significantly improved compared to the
traditional InNSAR equal weight modeling;

The number of independent components (ICs) played an important role in ICA-based
time-series INSAR analysis. Both too high and too low numbers of ICs will limit
the accuracy of signal extraction. The number of ICs was mostly obtained through
empirical and experimental calculations. The ideal number of ICs in this study was
set as five, which was determined by experiments with different samples of numbers
of ICs;

In this paper, spatial ICA was more reliable than temporal ICA. The main reason was
that the spatial independence of the deformation signal was better than the temporal
independence in the study area, as revealed by the spatial-temporal expanding
characteristics of the two subsiding funnels shown in Figure 7. As shown, during the
monitoring period, the area of subsidence in areas A and B gradually expanded from
1.9 and 2.3 km? to 12.3 and 9.6 km?, respectively, with clear independent subsiding
boundaries; in contrast, according to our temporal correlation analysis, the correlation
coefficient between the Poisson-related deformation component and the environment-
related component was 0.43, indicating that the two signals were not independent
(still showing a high correlation and not perfectly separated temporally). Therefore,
spatial ICA separation was suggested here to produce a better time-series deformation
signal related to different physical causes.

6. Conclusions

A time-series INSAR deformation estimation algorithm, namely, FIPR (FastICA Poisson-

curve reciprocal accumulation method), was proposed in this paper. Each deformation
component was extracted through the FIPR from the original InNSAR unwrapped phase
signals based on FastICA, and each extracted component was modeled based on its physi-
cal characteristics. The Poisson curve was utilized to model the soft soil-related physical
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deformation component, and the reciprocal accumulation method (RAM) was introduced
to estimate the model parameters to generate the total time-series deformation.

Both simulated and real data experiments were designed and conducted. The sim-
ulated experimental results indicated that the sSICA-separated signals were much closer
to the original than those of tICA, with the RMSE lower than 2 mm, and accordingly
were more highly recommended. In the real data experiment, the area around Beijing
Capital International Airport in China was selected as the study area. With the use of
24 high-resolution TerraSAR-X radar satellite images, the deformation sequences from
January 2012 to February 2015 were obtained with a maximum cumulative subsidence of
126 mm. The spatial-temporal evolution characteristics of the deformation were analyzed.
Two obvious subsidence funnels were detected, where the Jinzhan region suffered the most
obvious subsidence, with an accumulated settlement of up to 126 mm. The reason for the
subsidence was suggested as related to serious overexploitation of the groundwater.

To evaluate the accuracy of the proposed algorithm, the RMS of HP deformations and
the RMSE from the external leveling measurements were estimated. The accuracy of the
proposed model was estimated as £2.6 mm, with an improvement of 36.6% compared to
that of the EWA-LM (linear model with equal weight accumulation) algorithm and 16.1%
compared to the EWA-PC (Poisson-curve with equal weight accumulation) algorithm.
The RMSE from external leveling measurements was estimated as 1.0 mm, with 69.7%
improvement compared to EWA-LM and 50% to EWA-PC. It can be inferred that RAM
can avoid the disadvantages of traditional GA and improve the accuracy and efficiency of
calculation. FIPR can reduce the uncertainty of artificial assumptions in deformation mod-
eling and improve the accuracy of deformation analysis for soft clay areas, also providing a
reference for road maintenance and traffic safety management.

7. Patents

There are patents resulting from the work reported in this manuscript. We have
applied for a Chinese patent (202110368285.4) entitled “A monitoring method of soft clay
deformation using time-series INSAR technology.”
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Abstract: We explored the driving factors of nonlinear signals in vertical coordinate sequences of
stations in a Taiwan global navigation satellite system (GNSS) network, including atmospheric
loading (ATML), hydrological loading (HYDL), and non-tidal ocean loading (NTOL) effects. At the
same time, we used the finite element analysis software MIDAS to quantify the vertical displacements
of different types of monuments due to the thermal expansion effect, including deep drilled braced
(DDB) and short drilled braced (SDB). By quantitatively comparing the correction results of GNSS
time series with different single mass loading models, we found that there was little difference in the
correction of different environmental loading products. We compared different combinations of each
loading product to correct the GNSS time series, and finally selected the best combination suitable
for Taiwan GNSS network, that is, ATML (GFZ_ECMWF IB) + HYDL (IMLS_MERRA?2) + NTOL
(IMLS_MPIOMO6). We found that the spatial and temporal models of ATML and NTOL are very
similar, with non-tidal atmospheric loading and non-tidal ocean loading working together, a pattern
that may be related to tropical cyclones. Both models also showed good correction effect on GNSS
stations in the western plain of Taiwan, but with limited correction effect in the eastern part of Taiwan.
This may be due to the influence of the subtropical monsoon climate in Taiwan and the barrier of
the central mountain range, resulting in obvious differences between eastern and western Taiwan.
The hydrological loading was found to act in the opposite way to the thermal expansion effect in
the temporal domain, indicating that some displacements in hydrological loading may cancel out
displacements caused by the thermal expansion effect. This aspect of displacement is not included in
the hydrological loading model but should be considered when accurately estimating the temporal
and spatial variation of water storage capacity in Taiwan using GNSS observed displacements.

Keywords: GNSS; environmental loading; thermal expansion effect; monument types

1. Introduction

Moving masses of surface fluid layers interact with the solid Earth, resulting in periodic
weak deformation and surface displacements [1]. Permanent reference stations on the
ground can capture these non-tectonic deformation signals by long-term, continuous,
and high-precision monitoring. Previous studies have identified three main classes of
nonlinear changes causing the nonlinear variation in Global Navigation Satellite System
(GNSS) derived coordinate time series. The first is error caused by imperfect GNSS data
processing models or other systematic errors, such as high-order ionospheric delay errors,
multipath effects [2-5], etc. The second is due to real nonlinear movement of the reference
stations, including periodic displacements of the reference stations caused by geophysical
effects, such as environmental loading (atmospheric loading, hydrological loading, or non-
tidal ocean loading) and thermal expansion effects of bedrock and the monument [6-11],
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exhibited as seasonal periodic oscillation in the GNSS coordinate time series. The third is
the periodic changes caused by observation noise. By studying the periodic deformation of
environmental loads, the annual periodic amplitude of non-tectonic deformation of GNSS
can be effectively reduced for improving the velocity estimation accuracy.

There has been increased attention paid to quantitative analysis of the contributions of
different factors to GNSS coordinate time series, especially for the environmental loading
effect. However, the correction effect of environmental loading deformations for GNSS coor-
dinate time series varies greatly in different regions [11-14]. Moreover, for the quantitative
calculation of loading deformation and displacements, the use of different Earth models,
reference frames, mass loading data models, and coastline data from different institutions
also give different calculation results. Li et al. [13] studied the individual contributions of
five different continental water storage loading models, six different non-tidal atmospheric
loading models, and five different non-tidal ocean loading models to the 220 GNSS coor-
dinate time series in the Crustal Movement Observation Network of China (CMONOC),
considering the joint contributions of different permutations and combinations of load
products to GNSS time series. The results have a RMS reduction in the vertical component
of 20%. Wu et al. [14] compared the contributions of environmental loading sequences
from the German Research Center for Geosciences (GFZ) and the School and Observatory
of Earth Sciences (EOST) to GNSS vertical time series. Compared with the RMS reduction
value for individual stations, the combined model using sequences from both GFZ and
EOST was better than use of GFZ alone to correct coordinate time series. Results can also be
influenced by the independent climatic and topographic characteristics of different regions.
Jiang et al. [11] considered the differences of hydrological data, grid interpolation, and
terrain correction in the optimum model data (OMD) model for reduced scattering at 74%
of global stations. One suggestion from the above results is that the loading sequences from
different organizations should be adapted to local conditions, and the correction of GNSS
stations coordinate time series should be carefully selected for different regions.

In addition to environmental loading, the thermoelastic deformation of the antenna
monument of GNSS reference station and its bedrock driven by periodic temperature
changes also contribute to nonlinear signals in time series data [7,15]. On the seasonal
scale, the annual amplitude caused by the thermal expansion effect of the monument can
exceed 5 mm for GNSS reference stations where the monuments are located at high lati-
tudes [10]. Dong et al. [7] found that the annual vertical deformation of the surface caused
by a change of surface temperature is less than 0.56 mm based on the semi-infinite space
model. Yan et al. [16] calculated the influence of temperature change on the underground
bedrock and cement pier of GNSS station in China, and showed that the maximum annual
amplitude of vertical displacements caused by thermal expansion effect can reach 2.8 mm.
Based on the three-dimensional full space thermoelastic deformation model, Tan et al. [17]
calculated the influence of temperature change on the three-dimensional annual amplitude
for China. The results showed that temperature change was an important factor causing
continental surface deformation in addition to mass loading. Jia et al. [18] quantitatively
analyzed the difference of vertical deformation between GNSS and Gravity Recovery and
Climate Experiment (GRACE), and analyzed the influence of thermal expansion effect on
vertical displacements of GNSS and estimation of vertical loading deformation of surface
by GRACE. The results showed more consistent vertical deformation of GNSS and GRACE
for the Chinese mainland after correcting for the thermal expansion effect in GNSS time
series data. Boccara et al. [19] compared the differences between numerical models of
land surface temperature from different sources at the global scale, and found that the
annual amplitude of land surface temperature data provided by the European Centre for
Medium-Range Weather Forecasts (ECMWF) was closest to the measured temperature
data. Vertical displacements due to thermal expansion effect include the monument (TEM)
on the ground and the bedrock (TEB) underground, but not any displacements caused
by different specifications and materials of the monument. The GNSS network in Taiwan
Province, China is operated by multiple organizations, so Rao et al. [20] classified more
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than 90% of the base types of stations and studied the performance of GNSS coordinate
time series for the different bases. They found that the coordinate time series of metal rod
monument has significant annual periodic variation, and the months of annual amplitude
uplift and subsidence are similar to temperature variation.

Taiwan Province is located in an active tectonic area. With continuous collision
between Luzon arc and Chinese mainland margin, there are many thrust faults and folds.
Since 1990, there have been many destructive earthquakes with magnitude greater than
6. To obtain a more reliable velocity field, there is a significant need for more accurate
estimation of nonlinear signals such as environmental loads and geophysical factors in
GNSS coordinate sequence data. Kumar et al. [21] studied the sources of GNSS common-
mode errors (CME) in Taiwan Province, and showed that 90% of the CME variations in
Taiwan are related to non-seasonal ATML displacements. Ma et al. [22] used independent
component analysis (ICA) to separate the signals related to atmospheric and hydrological
loading from GNSS residual coordinate time series in Taiwan Province. Lai et al. [23] used
data from GNSS stations in Taiwan to study inversion terrestrial water storage (TWS).
The results showed that GNSS shows large annual vertical displacements in the plain
area of southwest Taiwan and the Huadong Valley in the east of Taiwan. Using GNSS,
GRACE, and hydrological (precipitation, GLDAS and LSDM assimilation models, and
in situ groundwater level) datasets, Hsu et al. [24] systematically studied the spatial and
temporal changes of water storage capacity in Taiwan. The results showed basically
consistent spatial patterns of annual water storage capacity estimated by GNSS, GLDAS,
and precipitation data, indicating that there is significant seasonal hydrological loading
fluctuation in Taiwan.

Based on the findings of these previous studies, we analyzed the influence of at-
mospheric loading (ATML), hydrological loading (HYDL), and non-tidal ocean loading
(NTOL) on Taiwan GNSS time series data. We considered the influence of temperature
change on different bases of the stations, and accurately calculated the change in vertical
displacements due to temperature changes of GNSS stations. We studied 84 GNSS sites in
Taiwan Province from 1 January 2008 to 31 December 2012. These data were corrected using
six ATML, five HYDL, and three NTOL products provided by International Mass Loading
Service (IMLS), GFZ, and EOST. Displacements caused by thermal expansion effect (TEE)
were characterized. Finally, the RMS reduction value was used to evaluate the influence of
non-tectonic signals on GNSS sequences. By comparing the mass loading models provided
by different institutions, we determined a group of combined mass loading models suitable
for correcting GNSS time series in Taiwan Province. At the same time, we quantified
the vertical displacements of DDB and SDB monument stations affected by temperature
changes. These would be helpful to study the driving factors in nonlinear signals in GNSS
vertical coordinate time series in Taiwan Province.

2. Data and Methodology
2.1. GNSS Data

The Taiwan continuous GNSS Network was established by the Institute of Earth
Sciences (IESAS) in 1990. Currently, it consists of 539 stations that belong to different
institutions and are operated by the Central Weather Bureau (CWB), IESAS, the Central
Geological Survey (CGS), and the Ministry of the Interior (MOI). We utilized the classi-
fication of stations base forms devised by Rao et al. [20] and classified the stations into
six types (Figure 1): deep drilled braced (DDB) monument (38), short drilled braced (SDB)
monument (217), concrete pillar (30), roof (188), metal rod (14), and other forms (52).

After the above classification of station bases, we selected 84 DDB and SDB stations
with high data quality for follow-up analysis. DDB and SDB stations were selected because
these were constructed according to fixed specifications of the Central Weather Bureau and
the Southern California Integrated GPS Network (SCIGN) (Figure 2a,b). DDB and SDB
stations differ in that the DDB base contains five 12 m 316 stainless steel pipe supports that
are buried 10 m deep underground. SDB contains only four stainless steel pipe supports,
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buried 1 to 2 m underground. Due to limited funds, regional restrictions, and construction
difficulties in high mountain areas, GNSS stations in Taiwan have mostly adopted the SDB
pedestal. The advantage of this pedestal is that these stations are mainly distributed in
suburbs and mountainous areas far away from cities, and this kind of pedestal is relatively
stable and is less noisy. Although roof pedestals account for 35% of GNSS observation
network in Taiwan, these stations are mostly located in cities and areas with many buildings.
To calculate the thermal expansion effect, many factors must be considered, so roof stations
were not considered in this study.

e SDB
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Figure 1. Distribution map of GNSS stations monument types in Taiwan Province. The circle
represents the stations that are still in operation, the pentagram represents the stations that have been
deactivated, and the triangle represents the stations used in this paper. Different colors represent
different monument types: red are the deep drilled braced (DDB) monument stations, blue are
the short drilled braced (SDB) monument stations, cyan are the concrete pillar monument stations,
magenta are the roof stations, and purple are the metal rod type stations.

The GNSS data from 2008 to 2012 is processed using the GAMIT/GLOBK software
packages [25], and a composite daily solution in the ITRF 2008 reference framework [26]
is generated for subsequent time series analysis. IERS 2003 model and FES 2004 models
were used for data processing to correct for polar tide and sea-ocean tidal loading [27,28].
Separate documents for each month provided by different institutions. After cubic spline
interpolation, we obtained the predicted time series of loading products at each GNSS
station. Our goal was to study the influence of environmental loading and thermal ex-
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pansion on GNSS time series. After eliminating outliers, we used the following standard
procedure to fit the time series data [29-31], and remove the trend term and offset terms of
the coordinate time series.
g
y(t;) = a+ bt; + csin(27t;) + d cos(27t;) + esin(47t;) + f cos(47t;) + Y giH (t — Tgi) + ¢ 1)
j=1
where t;(i =1,2,- - -, N) is the daily solution epoch units of years, 2 and b are the intercept
and linear rate, c and d are annual term coefficients, e and f are semi-annual coefficients,
H(t; — Tyi) is a Heaviside step function, ¢; is the model residual.
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Figure 2. Design drawing of instrument monument. (a) It is a deep drilled braced monument station.
The DDB monument is composed of five pillars, each of which extends 35 feet underground and
62 inches on the ground. (b) It is a short drilled braced monument station. The SDB monument
is composed of four pillars, each of which extends 60-72 inches underground and 40-55 inches on
the ground. Refer to UNAVCO website for more details (http://www.unavco.org/ (accessed on
7 August 2022)).

2.2. Surface Mass Loading Effects

Independently derived global models of major seasonal mass loading processes were
used to assess the specific contribution of these load sources to the vertical data of Tai-
wan Province’s GNSS observation network from 2008 to 2012. In this study, we focused
on the seasonal movements in the vertical direction. We used the reanalysis numerical
weather model MERRA?2 and the operational semi-frozen numerical weather model GEOSF-
PIT provided by the International Mass Loading Service (IMLS, http://massloading.net/
#Download (accessed on 7 August 2022)) [32-35] to calculate the atmospheric mass loading
displacements and the hydrological loading displacements, respectively. Non-tidal ocean
loading displacements were calculated using the MPIOMO06 model provided by the Max
Planck Institute for Meteorology and GFZ. The load products provided by IMLS are built
on a regular 2’ x 2/ global grid, and pressure loading data corresponding to any point
on Earth are available online on demand. The School and Observatory of Earth Sciences
(EOST, http:/ /loading.u-strasbg.fr/ (accessed on 7 August 2022)) [36] provides global
displacement maps with a resolution of 0.5 degrees, with predicted displacements pro-
vided in ascii and netcdf data formats in the center of figure (CF) and center of mass (CM)
reference frames. The ATML were loaded by modified inverted barometer model (ATMIB),
induced oceanic loading (ATMMO), and hydrological loading including GLDAS/Noah
models, with ERA interim 6-hour sampling by adjusting monthly model and deducting air
tides (ERAin). Non-tidal ocean loading includes estimates of the circulation and climate
of the ocean (ECCO1) and ECCO2 (follow-on ECCO, phase II). The German Research
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Center for Geosciences (GFZ, http:/ /rz-vm115.gfz-potsdam.de:8080/repository (accessed
on 7 August 2022)) [37] provides non-tidal atmospheric loading products for atmospheric
surface pressure enforced by ECMWE, hydrological loading products for calculations using
the Land Surface Discharge Model (LSDM), and non-tidal ocean loading products for the
EMPIOM ocean circulation model for atmospheric data operated by ECMWE. GFZ can
also provide the calculation of loading products at GNSS sites. The above environmental
loading time series were derived in the CF reference frame, as detailed in Table 1.

Table 1. Environmental loading product provided by EOST, GFZ, and IMLS.

S Spatiotemporal
Institution Type Model Resolution
ATML ECMWE(IB) 0.5° x0.5°/3h
ATML ECMWF 0.5° x0.5°/3h
ATML ERA interim 0.5° x0.5°/6 h
EOST HYDL ERA interim 05° x 0.5°/6 h
HYDL GLDAS/Noah 0.5° x0.5°/3h
NTOL ECCO2 0.5° x 0.5°/24h
ATML ECMWF 0.5° x0.5°/3h
GFzZ HYDL LSDM 0.5° x 0.5°/24h
NTOL EMPIOM 1°x1°/3h
ATML GEOSFPIT 2''x2'/3h
ATML MERRA2 2'x2'/6h
IMLS HYDL GEOSFPIT 2'x2'/3h
HYDL MERRA2 2''x2'/3h
HYDL MPIOMO06 2'x2'/3h

2.3. Temperature and Precipitation Data

The temperature data we used were from the reanalyzed datasets provided by the
European Center for Medium-Range Weather Forecasts (ECMWEF). ECMWF data provide
a land surface temperature grid with the highest resolution of 0.125° x 0.125°, and time
resolution of four points per day, measuring 0, 600, 1200, and 1800 h (UTC) (https://apps.
ecmwf.int/datasets/interim-full-daily (accessed on 7 August 2022)). In this experiment,
we selected 0.5° x 0.5  resolution temperature grid data at 2 m on the ground at 600 (UTC),
sampled every day from 1 January 2008 to 31 December 2012.

The spatial resolution was 0.1° x 0.1°, and the rainfall data sampled month by month
were provided by the global precision measurement mission (GPM, https:/ /disc.gsfc.nasa.
gov/datasets?keywords=GPMé&page=1 (accessed on 7 August 2022)).

2.4. Methodology
2.4.1. Calculation of Thermal Expansion Displacement

The effect of thermal expansion caused by temperature change on the vertical displace-
ments of GNSS stations was divided into aboveground and underground contributions [10].
Generally, for the length change caused by expansion with heat and contraction with cold
of the monument with GNSS antenna above the ground surface, the calculation equation is
as follows [10,38]:

AL = aLAT o)

where AL is the length change of the monument, the linear thermal expansion coefficient
a=12x%x10"5/°C, AT is the temperature change, as the difference between the average
value in the relative observation period, and L is the height of the monument.

DDB and SDB are composed of five and four stainless steel pipes, respectively. Com-
pared with a single cement column, the connection between the bottom of SDB and DDB
base rod and the ground is simulated by fixed support, with the top of the rod is rigidly
connected. The whole structure is a high-order statically indeterminate structure, and the
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additional internal force generated by temperature change can lead to different displace-
ments of the top of the rod from that of a straight rod. Therefore, it is not appropriate
to consider the length of cement pier as a separate parameter in Equation (2), but the
displacement change caused by expansion with heat and contraction with cold of stainless
steel pipe remains proportional to the temperature difference. We used the finite element
analysis software MIDAS to model two different types of pedestal models and added a
temperature field. We calculated a total vertical displacement of the two models for a
temperature difference of +10 °C, and calculated the daily vertical displacements of DDB
and SDB pedestals according to Equation (3).

AT
Al = T0°C © dspB/DDB 3)

where dgpp/ppp is the vertical displacement calculated for DDB or SDB models in MI-
DAS software.

The influence of temperature change on bedrock through heat conduction must also
be considered, as well as the resulting change in vertical displacement of GNSS station as

follows [7]:
1+0 K T
Ah = maAT - cos (a}t — QT — Z) (4)

where 6 & 0.266, the thermal diffusion coefficients ¥ = 1 mm?2 /s, At, w, and @t represent
the amplitude, angular frequency, and initial phase of annual term of temperature change,
respectively. The total displacements caused by thermal expansion effect can be obtained
by adding Equations (3) and (4).

2.4.2. Evaluation Metrics

To make a quantitative comparison between the GNSS time series and a mass loading
displacement, we defined a misfit function for the two datasets [39]:

©)

1 J i (cpp? +dpp?) {(Cil — )’ + (d — diZ)z]
n

b= -1 max(cp? + dpp?)
where ¢;1, ¢, dj1, and djp are the amplitudes of the harmonic components of the two
compared datasets defined in Equation (1), and # is equal to 84. A lower value of D
indicates a better consistency of the periodic components between the two datasets.

We used RMS reduction value to evaluate the correction effect of products with
different environmental loading. The RMS reduction value can be expressed as follows [40]:

RMSGNss — RMS (GNss—loading)
RMScnss

RMS eguction = (6)
where RMSgnss and RMS (GNss—ioading) are the RMS values of the vertical GNSS time
series before and after ATML, HYDL, NTOL, and TEE correction. A larger RMS, ¢qction
value represents a better correction effect.

3. Results
3.1. Quantitative Assessment of Environmental Loading Effects
3.1.1. ATML Effects

As shown in Figure 3a, taking the ATML provided by IMLS_GEOSFPIT as an example,
the annual vertical movements caused by atmospheric loading are in the range of 1-1.6 mm,
with the peak uplift time around July. The amplitudes and phases distribution of GNSS
time series are quite messy, and, except, for a few GNSS stations whose annual vertical
movements reach 11 mm, most stations are in the range of 3-6 mm. The phases are bounded
by a central mountain range, with a peak uplift time in western Taiwan from May to June
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and that in eastern Taiwan from February to April. Thus, atmospheric loading has a positive
effect on the vertical time series of GNSS stations in western Taiwan, but a negative effect
on the stations in eastern Taiwan.

—
GNSS data
e
HYDL

120°F 21°F 122°F 120°F 121°F 122°T, 120°T; 121 122°T

Figure 3. Environmental loading models and GNSS time series amplitudes and phases distribution.
The arrow in the figure points to the month with the largest surface displacements uplift. The month
rotates clockwise, and the length of the arrow represents the amplitude. According to Equation (1),
the amplitude A = v/c2 + d2, annual phase ¢ = tan!(d/c). (a) ATML (IMLS_GEOSFPIT). (b) HYDL
(IMLS_MERRA?2). (¢) NTOL (GFZ_EMPIOM).

We used Equation (5) to quantify the temporal and spatial correlation between six
ATML products and vertical GNSS time series. The results are shown in Table 2.

Table 2. Consistency between CWS products and GNSS vertical time series.

RMS_Reduction

ATML Model D

Max (%) Min (%) Mean Forward (%)

ECMWEF IB (EOST) 0.2085 6.29 —4.77 2.47

ECMWF 0.2073 8.16 —5.95 3.03

ERA interim 0.2091 6.25 —4.74 2.47

ECMWEF IB (GFZ) 0.2081 5.94 —3.54 2.39

GEOSFPIT 0.2080 5.84 —4.29 2.23

MERRA2 0.2083 6.16 —4.25 2.45

The results of the RMS value reduction of the vertical GNSS stations coordinate
time series are shown in Figure 4 and Table 2, where upward red arrows indicate pos-
itive correction and the downward blue arrows indicate negative correction. For visu-
alization purposes, we used the adjustable tension continuous curvature splines [41] to
interpolate the RMS reductions for each station displayed as a color profile. The RMS
values of the vertical GNSS time series corrected by EOST_ECMWEF IB, EOST_ECMWE,
EOST_ERA interim, GFZ_ECMWF IB, IMLS_GEOSFPIT, and IMLS_MERRA?2 were reduced
by —4.77-6.29%, —5.95-8.16%, —4.74-6.25%, —3.54-5.94%, —4.29-5.84%, and — 4.25-6.16%,
respectively, and the mean RMS reduction values of forward correction results were
2.47%, 3.03%, 2.47%, 2.39%, 2.23%, and 2.45%, respectively. According to the correla-
tion between the six ATML products and GNSS data and the reduction of RMS value after
correction, ATML (EOST_ECMWF) products have the best positive effect for the correction
of seasonal changes.
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Figure 4. The RMS reduction value after GNSS time series correction of six ATML products. The
color contours show the interpolated of RMS reduction, and the red (up) arrow indicates the pos-
itive response of ATML to GNSS, and the blue (down) arrow indicates the negative response.
(a—f) respectively represent EOST_ECMWE IB, EOST_ECMWE, EOST_ERA interim, GFZ_ECMWF
IB, IMLS_GEOSEFPIT, and IMLS_MERRAZ2.

3.1.2. HYDL Effects

As shown in Figure 3b, for HYDL provided by IMLS_MERRA2 as an example, we can
see annual vertical movements caused by hydrological loading of 1.6-2.5 mm for the whole
station area, with phases around February. Compared with the western part of Taiwan, the
eastern part of Taiwan is closer to the hydrological loading phases. Hydrological loading
plays a positive role for most stations in Taiwan Province, so hydrological loading has a
significant impact on the change of GNSS time series. We used Equation (5) to quantify
the temporal and spatial correlation between five HYDL products and vertical GNSS time
series, and the results are shown in Table 3.

Table 3. Consistency between HYDL products and GNSS vertical time series.

RMS_Reduction

HYDL Model D
Max (%) Min (%) Mean Forward (%)
ERA interim 0.1924 6.04 —3.84 2.40
GLDAS 0.1973 4.56 —2.90 1.97
LSDM 0.1945 5.43 —5.59 2.25
GEOSFPIT 0.1682 7.10 —3.60 2.72
MERRA2 0.1881 7.29 —4.17 2.62

255



Remote Sens. 2022, 14, 4480

The RMS reduction results are shown in Figure 5 and Table 3. The RMS reduction
ranges of vertical GNSS time series corrected by EOST_ERA interim, EOST_GLDAS,
GFZ_LSDM, IMLS_GEOSFPIT and IMLS_MERRA?2 were calculated as —3.84-6.04%,
—2.90-4.56%, —5.59-5.43%, —3.60-7.10%, and —4.17-7.29% , respectively, with mean RMS
reduction values of forward correction results of 2.40%, 1.97%, 2.25%, 2.72%, and 2.62%,
respectively. The GLDAS/Noah model is mainly composed of soil moisture and excludes
the influence of surface water such as lakes and rivers. According to the correlation between
five HYDL products and GNSS data and the reduction of RMS value after correction, HYDL
(IMLS_GEOSEFPIT) products have the best positive effect to correct seasonal changes.
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Figure 5. The RMS reduction value after GNSS time series correction of five HYDL products. The red
(up) arrow indicates the positive response of ATML to GNSS, and the blue (down) arrow indicates
the negative response. (a—e) respectively represent EOST_ERA interim, EOST_GLDAS, GFZ_LSDM,
IMLS_GEOSFPIT, and IMLS_MERRAZ2.

3.1.3. NTOL Effects

As shown in Figure 3¢, using NTOL provided by GFZ_EMPIOM as an example, the an-
nual vertical movements caused by non-tidal ocean loading were calculated as 0.5-1.2 mm,
with phases (peak uplift) occurring from June to July. Similar to the atmospheric loading
model, according to the phase differences between non-tidal ocean loading and GNSS time
vertical series. The correction effect is better for western Taiwan than for eastern Taiwan.

We used Equation (5) to quantify the spatiotemporal correlation between three NTOL
products and vertical GNSS time series. The results are shown in Table 4. The RMS
reductions of the vertical GNSS time series corrected by EOST_ECCO2, GFZ_EMPIOM,
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and IMLS_MPIOMO06 are shown in Figure 6 and Table 4. The RMS values were decreased
by —2.59-2.96%, —2.51-6.41%, and — 2.24-5.14%, respectively, with mean RMS reduction
values of forward correction results of 0.95%, 2.00%, and 1.87%, respectively. There was
obvious difference between the non-tidal ocean loading provided by GFZ_EMPIOM and
EOST_ECCO2 to correct the vertical time series of GNSS. NTOL (GFZ_EMPIOM) products
exhibited the best positive effect to correct seasonal changes.

Table 4. Consistency between NTOL products and GNSS vertical time series.

RMS_Reduction

NTOL Model D
Max (%) Min (%) Mean Forward (%)
ECCO2 0.2135 2.96 —2.59 0.95
EMPIOM 0.2049 6.41 —2.51 2.00
MPIOMO06 0.2055 5.14 —2.24 1.87
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Figure 6. The RMS reduction value after GNSS time series correction of three NTOL products.
(a—c) respectively represent EOST_ECCO2, GFZ_EMPIOM and IMLS_MPIOMO06.

3.2. Quantitative Assessment of Thermal Expansion Effects

We used finite element analysis software MIDAS to model the pedestal above the
ground surface for DDB and SDB GNSS stations, and then added a temperature field. For a
temperature difference of +10 °C, total displacement in the vertical direction was calculated
for the two pedestals as 0.252 mm (DDB, Figure 7a) and 0.219 mm (SDB, Figure 7b).
Combined with Equation (3), the daily displacements change of each GNSS station was
recorded as TEM. According to Equation (4), the vertical displacement change caused by
thermal expansion of bedrock was calculated and is denoted as TEB. The phases of TEB lag
45 d behind those of TEM from Equation (4).

As shown in Figure 7c,d, the annual vertical total displacements caused by TEE were
calculated as about 0.3-0.6 mm, with peak uplift occurring around August. At this time,
the summer temperature is the highest in the northern hemisphere, but Taiwan Province is
located at middle and low latitude, so the annual average temperature difference exhibits
little change. In addition, because the phases difference between TEE and GNSS coordinate
time series is more than 90°, the RMS values are negative after deducting the TEE. This is
similar to the analysis of Yunnan Province of the Chinese mainland, similarly located at
middle and low latitude.
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Figure 7. (a,b) MADIS software models DDB and SDB monuments and calculates the surface vertical
displacements of the two monument bases under the condition of temperature difference of +10 °C.
(c,d) The annual average amplitude and annual phase of the total vertical displacements of DDB and
SDB monuments caused by thermal expansion effect.

4. Discussions
4.1. Optimal Combination of Environmental Loading Models

We quantitatively evaluated the correction of GNSS coordinate time series by three
individual mass-induced displacements. Atmospheric loading and non-tidal ocean loading
show similar spatial distribution patterns, with peak uplift phases from June to July and
slightly smaller annual amplitudes of non-tidal ocean loading compared to atmospheric
loading. This is because Taiwan Province is in a subtropical monsoon climate zone, with
many tropical cyclones from July to September. Tropical cyclones cause atmospheric pres-
sure changes and also lead to abnormal migration of seawater quality under the action of
wind and atmospheric pressure changes. Non-tidal loading caused by tropical cyclones
is the result of the combined action of non-tidal atmospheric loading and non-tidal ocean
loading [42]. For the time series correction of GNSS stations, non-tidal atmospheric loading
and non-tidal ocean loading are obviously corrected at stations in western Taiwan. This is
because this region is mostly plains and GNSS stations are densely distributed, but there
are many mountainous areas in the eastern part of Taiwan that block the central mountain
range in the middle. Due to the influence of topographic factors, the improvement effect of
atmospheric loading and non-tidal ocean loading on eastern stations is not good. Hydrolog-
ical loading is corrected well at most stations in Taiwan. It is worth noting that, compared
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with the western Taiwan where the stations are densely distributed, the maximum subsi-
dence and uplift of GNSS stations along the Huadong Valley in eastern Taiwan occurred in
August and February, respectively, which is consistent with the precipitation cycle. After
correction for hydrological loading, the reductions of RMS values are equivalent to or
even greater than for western stations because the Huadong Rift Valley is formed by the
deposition of river channels and alluvial fans and the groundwater layer is thicker.

As we can see, there is no obvious overall difference of different models in the three
mass loadings for the correlation between amplitudes and phases and GNSS time series or
the decrease of RMS values after correction. This is because the GNSS network in Taiwan
Province differs from the global or CMONOC networks and belongs to a small-scale
area. In addition to the comparison between individual loaded products, we created all
possible combinations of different organization loaded products. We analyzed 90 different
combinations in total and they are sorted in descending order according to its mean RMS
reduction. Table 5 lists the mean RMS reduction for the first five combinations. Finally,
we chose ATML (GFZ_ECMWF IB) + HYDL (IMLS_MERRA?2) + NTOL (IMLS_MPIOMO06)
combination as the best combination mass loading model (CML) suitable for GNSS network
in Taiwan. We then calculated the amplitudes and phases of CML according to Equation (1).
As shown in Figure 8a, the annual vertical movements caused by CML were calculated
as 2-3 mm, and uplift phases were concentrated in mid-May. CML modification of the
vertical coordinate time series of GNSS stations is shown in Figure 8b, with the maximum
forward RMS reduction of 13.87% (SHLU), and the mean RMS reduction of 5.28%.

Table 5. Vertical RMS reduction statistics for selected combinations.

Combinations Mean RMS Reduction (%)

GFZ-ECMWF IB 528

and IMLS-MERRA?2 and IMLS-MPIOMO06 ’
IMLS-MERRA2 521

and IMLS-MERRA2 and IMLS-MPIOMO06 ’
GFZ-ECMWF IB 5.20

and IMLS-MERRA2 and GFZ-EMPIOM ’
EOST-ECMWFEF IB 517

and IMLS-MERRA?2 and IMLS-MPIOMO06 ’
IMLS-MERRA2 512

and IMLS-MERRA?2 and GFZ-EMPIOM

CML
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Figure 8. (a) Average annual amplitude and annual phase distribution of combined mass loading model.
(b) The positive RMS reduction value of GNSS time series corrected by combined mass loading model.
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4.2. The Effect of the Thermal Expansion

In Section 3.2, we calculated the vertical displacements of SDB and DDB pedestals
caused by thermal expansion. The annual average amplitude of vertical displacement is
0.5 mm, accounting for 1.67% of the annual average amplitude of GNSS vertical displace-
ment and about 10% of the annual average amplitude of hydrological loading displacement.
Because of the phase difference, the GNSS time series increases after deducting the thermal
expansion effect. This may be because the displacements are out of phase, which could be
caused by the migration of some surface mass and the thermal expansion effect (Figure 9a),
leading to a lack of loading displacements. Lai et al. [23] used GNSS to infer that the
terrestrial water storage (TWS) reached the annual maximum and minimum values around
August and February, respectively. This is the same timing as the phase mode of vertical
displacements caused by thermal expansion effect, but out of phase with the hydrological
model. Hsu et al. [24] used geodetic (GNSS and GRACE) and hydrological (precipitation,
GLDAS and LSDM assimilation models and groundwater level) datasets to systematically
study temporal and spatial water storage changes in Taiwan, and found significant seasonal
water load fluctuation in Taiwan, but the total water storage in hydrological assimilation
model was underestimated compared with that obtained by GNSS estimation. The dif-
ference comes from the complexity of transient water storage due to changes in rainfall
patterns, infiltration rates, soil saturation, and runoff.
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Figure 9. (a) Mean hydrological loading displacements and displacements caused by thermal expan-
sion at 84 GNSS stations. (b,c) Mean precipitation in the wet (May to October) and dry (November to
April) seasons from 2008 to 2012. (d,e) The monthly average precipitation and temperature in Taiwan
Province, respectively.

The main source of hydrological loading is the annual rainfall in monsoon (May to
June) and typhoon (July to October) seasons. A total of 70% of annual precipitation occurs
during the wet season (May to October, Figure 9b), with the remaining 30% occurring
during the dry season (November to April, Figure 9c). Although there is abundant annual
rainfall, due to the steep terrain of Taiwan, most precipitation either evaporates directly
or flows to the sea. The peak rainfall occurs from June to July (Figure 9d). Controlled by

260



Remote Sens. 2022, 14, 4480

infiltration rate and capacity, the peak subsidence of GNSS lags one to two months behind
precipitation, which is also consistent with the predicted value of hydrological model. At
the same time, this period corresponds to the time when the highest temperatures occur
in the northern hemisphere (Figure 9e). Surface water and shallow groundwater produce
downward subsidence displacements on the ground, but the thermal expansion effect
caused by temperature change will cause slight uplift phenomenon. This would partially
counteract the observed hydrological loading displacements, and cannot be neglected in
the study of water storage capacity using GNSS.

5. Conclusions

We studied the influence of non-tectonic deformation signals on the vertical coordinate
time series of 84 GNSS stations in Taiwan Province. To do this, we compared the calibration
effects of ATML, HYDL, and NTOL products provided by EOST, GFZ, and IMLS based on
different models for Taiwan GNSS vertical time series. The differences between models
were analyzed. Finally, we determined a set of model combinations suitable to correct for
vertical displacements for data from GNSS stations in Taiwan Province, namely ATML
(GFZ_ECMWF IB) + HYDL (IMLS_MERRA?2) + NTOL (IMLS_MPIOMO06). We have several
interesting findings from our work. Because of the special geographical location of Taiwan
Province, there is an obvious monsoon alternation in Taiwan Strait, and there are many
tropical cyclones from July to September every year. The tropical storms and typhoons
cause abnormal changes in atmospheric and seawater movement. Because of this, non-tidal
atmospheric loading and non-tidal ocean loading work together in Taiwan. Non-tidal
ocean and atmospheric loading exhibit similar temporal and spatial action patterns, with
better correction effect of GNSS stations in the western plain of Taiwan to that for stations
in eastern Taiwan. This may be due to a central barrier of mountains as well as additional
mountains in the eastern part of Taiwan.

Tropical cyclones bring abundant rainfall, which plays a vital role in groundwater
recharge in Taiwan Province. However, due to the relatively small area of Taiwan, no
high-resolution hydrological data model has been developed that can accurately evaluate
the temporal and spatial changes of water storage capacity in Taiwan, especially due to the
variations of rainfall pattern, infiltration rate, and soil saturation in temporal and spatial
domains. Although existing hydrological loading data have good corrections for most
GNSS stations, there are limits to the use of these data to accurately quantify hydrological
changes in Taiwan Province.

We quantified the vertical displacements of different stations due to temperature
changes. Because Taiwan includes middle and low latitudes, the temperature difference
relative to the annual average temperature changes less than 10 °C, so the average annual
amplitude vertical total displacement caused by thermal expansion effect is only 0.5 mm.
However, maximum annual subsidence and uplift caused by hydrological loading occur in
August and February respectively, with the annual phase change of displacement caused
by temperature change is opposite. Thus, the counteracting effect between the thermal
expansion displacement and hydrological loading displacement cannot be neglected, and
the consideration of thermal expansion effect would help accurately quantify the change of
water storage capacity in Taiwan Province using GNSS vertical time series.
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Abstract: The Xishan coal mine area in Beijing, China has a long history of mining. Many landslide
hazards, in addition to collapses and ground fractures, have occurred in this area. This study used
multi-temporal satellite images to extract this region’s deformation information, identify landslides
and analyze the deformation evolution process of these landslides. Taking the Anzigou ditch as
an example, we investigate the “Quarry-Landslide-Mudslide” disaster chain model. We found
that the landslide evolution process is closely related to the geological conditions, and usually goes
through four stages: initial deformation, slope front swelling and collapsing, rear part connecting
and rupturing, and landslide creeping. The surface deformation can be identified and tracked by
high-resolution optical images and INSAR monitoring. Under the combined effects of rainfall and
topographic conditions, medium and large landslides may occur and trigger a “Quarry-Landslide—
Mudflow” disaster chain. The identification and analysis of these landslide hazards and the disaster
chain help with geological disaster prevention, and provide reference for early identification and
research of similar disasters.

Keywords: mining area; hazard identification; landslide evolution pattern; hazard chain

1. Introduction

Underground mining causes ground subsidence, inducing ground cracks, ground
collapse and other disasters, which lead to great damages and losses for the local people.
The Xishan coal mines in Beijing, China, had been exploited underground for about a
thousand years, until 2008, when all coal mines in Beijing were shut down. After such
a long period of underground exploration, many ground fractures and ground collapse
events occurred. Presently, 22 regions have recorded densely distributed collapse pits
and fractures. The total affected area is about 2000 hectares. The Beijing Institute of
Geological Disaster Prevention and Control has conducted several rounds of surveys in
the Xishan area. They noted the distribution of the collapses, analyzed the deformation
and metamorphic characteristics of each coal formation, and summarized the geohazard
development characteristics. They also predicted the ground collapse hazards in the mining
area [1-5].

In recent years, the government performed sudden geological disaster monitoring
and provided early warnings for the collapse areas. The results showed that after the
mines were closed, the growth of ground fractures and collapse pits in the collapse area
gradually slowed. From 2015 to 2021, only two new small-scale collapses of coal mining
lanes occurred, both in 2016. However, underground mining, especially the operation of
some small coal companies that featured shallow mining depth, high mining intensity and
high disturbance, destroyed the stability of the mountain; therefore, landslides and other
geohazards began to appear.
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In mountainous areas, landslides and their induced disaster chains are destructive,
but hard to spot, due to strong concealment [6,7]. Much research has been done on the
failure modes and monitoring methods of landslides [8-15]. Beijing is the political and
cultural center of China, and the Xishan mining area is densely populated. Therefore, the
identification of geological and other potential hazards is of great importance. However,
few studies have examined the landslides in the Xishan mining area.

The Xishan coal mine area has been exploited since the Liao dynasty (907 AD). Due
to historical wars, no useful exploration data were recorded. Besides, there were a lot
of private mines, which roughly dug out coal without any regulatory oversight. Thus,
we cannot get precise information regarding the underground mining in this region. In
recent years, remote sensing observations have become increasingly abundant, and related
technologies, such as multi-temporal high resolution optical image analysis technology,
unmanned aerial vehicle (UAV) photography and oblique photogrammetry, interformetric
synthetic aperture radar (InNSAR) and 3D laser scanning, have been widely applied for
geological hazard detection [16-25]. Multi-temporal high spatial resolution optical images
have wide spatial coverage and abundant storage, thus, they are suitable for detecting
geological hazards with obvious deformation. UAV photography and tilt photography
can obtain high spatial resolution images and high precision 3D models. They are flexible
and convenient, and have high recognition efficacy for geological hazards with signs
of deformation. InSAR technology performs well at recognizing geological disasters in
areas with high surface coherence and moderate deformation rates. It is suitable for large-
scale geological disaster detection. 3D laser scanning can reduce the influence of surface
vegetation and directly obtain a 3D model of the target area, which has a better recognition
effect for geological disasters with relatively obvious features in the vegetated area.

This study collects multi-temporal remote sensing data from the Xishan mine area,
and extracts deformation information from optical images and time-series InNSAR, by which
we identify landslides. On this basis, we classify the landslide evolution stages and analyze
the triggering factors and disaster patterns of the disaster chain. This study provides a
reference for regional geological hazard research and prevention.

2. Study Area and Data Sources
2.1. Geological Background

The study area is in Fangshan District, Beijing, China, and is geologically located in
the south-east flank of the Baihuashan Oblique. The fracture structures are small, with a
general north-east orientation and a dip angle of 50° to 80°. Figure 1 shows the geological
background of the study area. The coal resources are abundant, mainly distributed in two
stratigraphic units: the Lower Permian Shanxi Formation and the Lower Jurassic Yaopo
Formation. There are also coal seams in the Longmen Formation.

2.2. Status of the Disaster

The mining activities in the study area destructed the ground surface and forest
resources, and induced many geological hazards, such as collapses and debris flows.
According to the geological disaster list for Beijing, published in 2021, there were four
collapses, nine subsidence areas and seven debris flows in the study area.

2.3. Data Sources

In this paper, 12 optical satellite images and 65 RadarSat-2 images of the study area ac-
quired between 2003 and 2021 were collected for the slope hazard identification experiment
(see Table 1).
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Figure 1. Geological Map of the Study Area.
Table 1. Information of the images used in this study.
Data Resolution/m Years Number
Quickbird 0.61 2003 1
Quickbird 0.61 2006 1
Aerial Photo 0.5 2009 1
GeoEye-1 0.41 2011 1
GeoEye-1 0.41 2012 1
Aerial Photo 0.5 2013 1
Worldview-2 0.5 2014 1
Worldview-2 0.5 2016 1
Pleiades 0.5 2017 1
Pleiades 0.5 2018 1
BJ-2 0.8 2019 1
BJ-2 0.8 2020 1
RadarSat-2 (descending) 5.0 2016-2021 65

3. Research Methodology

3.1. Optical Remote Sensing Landslide Interpretation Approach

Presently, optical images are manually interpreted for identifying landslide hazards.
This method has high reliability for areas with complex geological conditions, as it incor-
porates the expertise and experience of interpreters. Object-oriented classification, DNVI
change detection and deep learning have shown high aptitude for landslide identification
from remote sensing images [26-30], but their identified objects should have obvious defor-
mation. However, landslides usually have small deformations, which are not obvious on
optical images. Thus, optical-based automatic identification methods have limited accuracy

for landslide identification.
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This paper compares multi-temporal optical remote sensing images to find the dif-
ferences in tone and texture between landslides and the surrounding areas, extracts the
specific location of tension cracks and collapses caused by the swell of the lower slope, and
obtains the changes of vegetation, geomorphology and slope (Figure 2).

Trailing edge of
Landslide

Direct

g Tension Fracture
Sign

Swell & Collapse

Human-computer
Interaction

Multi-temporal
optical image
analysis

Tone Textures

Vegetation
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Micro-
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Indirect
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Gradient Change

Figure 2. Flowchart of the proposed landslide interpretation method of optical images.

3.2. InSAR Time-Series Analysis

In this paper, InNSAR, the time-series analysis process, is as follows: firstly, the master
image is selected to register the SAR data. Then, we select the PS points using a combination
of amplitude departure index and correlation coefficient. We construct a triangular network
for the PS points. After getting the interferometric pairs, differential interference is applied
to the PS points. The linear deformation rate of the PS points is obtained by the solution
space. Considering the different frequencies of the atmospheric delay phase, nonlinear
deformation phase and noise in the time and space domains, different filtering methods
are used to obtain the nonlinear deformation rate. Finally, the deformation information of
PS points is obtained.

4. Results

The interpretation results of the remote sensing images show 32 collapses and
19 landslides in the study area (see Figure 3 and Table 2).
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Figure 3. Collapses and landslides distributed in the study area. The base map is shaded relief map.
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Table 2. Information of collapses and landslides in the study area.

Disaster Number of Small Size Number of Medium Size Subtotal

Collapse 32 0 32 (11)

Landslide 3 16 19 (3)
Total 51

The numbers in parentheses are the number of disasters that have been included in the geological disaster list for
Beijing, published in 2021. Small-sized collapse: volume is less than 10,000 m?; Small-sized landslides: volume is
less than 100,000 m?; Medium-sized landslide: volume is between 100,000 m® and 1,000,000 m>

We compare the interpretation results with the geological disaster list for Beijing,
published in 2021 (hereafter referred to as the hazard list), and conduct field checks on
those not included in the list. We find that the above 51 collapses and landslides are correct.
The collapses are small and widely distributed at the slope feet. Their locations coincide
with the mining caves or old collapse pits/fissures. A few collapses occurred along new
roads or the front edge of a slope. The landslides are medium-sized and concentrated in
mountainous areas. The height differences of the landslide bodies are larger than 100 m
each. Some landslide rear edges are close to the crests.

In 2003, some collapses and landslide hazards occurred in the Shijiaying mine area,
but they did not get public attention at that time, nor were they included in the hazard list.
After the mines were closed in 2009, new collapses and landslides occurred in the study
area. Presently, 16 landslides of medium size (1 x 10° m%) were identified in the area (see
Figure 4 and Table 3), and the time-series INSAR results show that all of these 16 landslides
had continuous deformation since 2016.
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and Number
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Figure 4. Medium-sized landslides in the Study Area. The base map is shaded relief map.

4.1. Deformation Characteristics of the Landslides Extracted from the Remote Sensing Images

In Table 3, except for SO1 and S11, the remaining 14 landslides have the same charac-
teristics: obvious fissures in the rear edge and widespread collapses on the front edge and
the body of the landslide.

Figure 5 shows the remote sensing images and deformation evolution process of three
points in landslide S02. The images from 2009 show that fissures appeared on the rear edge
of the landslide, and small-scale depressions were formed. In 2012, the fissures developed
further, extending about 100 m. In 2017, the cracks on the rear edge were further developed,
the depression was enlarged, and cracks appeared on the eastern boundary. In 2019, the
cracks on the rear edge and those on the eastern boundary connected, forming a long
crack with a total length of about 270 m. Additionally, the crack on the western boundary
appeared, with a length of 100 m. The remote sensing measurement showed that the
landslide had the maximum height difference of 174 m, slope of 48°, and the estimated
mass volume of 4.5 x 10° m3. The 2016-2021 InSAR time series (Figure 5) show that
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the deformation rates vary significantly over different parts of the landslide body. Point1,
point2 and point3 are the positions with large deformations on the landslide. The maximum
LOS deformation is about 40 mm, and the deformation rate is close to 10 mm/year.

Table 3. Basic information of landslides.

No. Developmental Formation Estimated Volume/10,000 m? Features
S01 Jiulongshan Formation 10.00 Type A
502 Jiulongshan Formation 45.00 Type B
S03 Jiulongshan Formation 30.00 Type B
S04 Jiulongshan Formation 15.00 Type B
S05 Jiulongshan Formation 10.00 Type B
S06 Yaopo Formation 50.00 Type C
Yaopo Formation
S07 & Longmen 100.00 Type C
Formation
508 Yaopo Formation 55.00 Type C
509 Jiulongshan Formation 16.00 Type C
510 ;;rlf:‘hfr‘l 34.00 Type C
S11 Jiulongshan Formation 30.00 Type A
S12 Yaopo Formation 50.00 Type C
S13 Yaopo Formation 26.00 Type C
S14 Yaopo Formation 15.00 Type B
s15 Fosr}r‘s;‘;;n 25.00 Type C
S16 Fosr}r‘g;‘t’i;n 33.00 Type C

Type A: High-locality landslide, with continuous deformation since 2016. Type B: landslide with initial deformation
or slope front swells and collapses since 2016. The deformation is small. Type C: landslide after failure, since 2016.

The above analysis indicates that landslide S02 body is developing, and the sliding
surface has not connected yet. The developmental stages and developmental character-
istics of the S03, S04, SO05, and S14 landslides are basically the same as those of the S02
landslide. The InSAR time series results show that these landslides have experienced some
deformation since 2016, with a deformation rate of about 10 mm/year (see Figure 6).

Figure 7 shows the remote sensing images and deformation evolution process of
landslide S06. Satellite images in 2003 showed that the slope had not started sliding, and
only two collapses were observed near the hill foot. In 2009, the size of the two collapses
increased significantly, but there were no signs of failure. In 2017, satellite images showed
that the two collapses grew larger, and large tensile fissures and slip cliffs appeared in the
upper mountain. The sliding surface of the landslide had merged. In 2019, the collapse
at the slope foot and the deformation of the rear edge increased further, resulting in a
landslide body with a maximum height difference of 107 m, a slope of 37° and an estimated
volume of 5 x 10° m®.

The above analysis shows that the deformation of landslide S06 developed from 2003
to 2016. In 2016, the rear part of the slope suddenly cracked and slid downward. After the
failure, the landslide continued to creep. The InSAR results show that the whole landslide
had obvious deformation during 2016-2021. Point1, point2 and point3 are the positions
with large deformations on the landslide. The maximum cumulative LOS deformation is
about 110 mm, and the velocity exceeds 20 mm/year.
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Figure 5. Optical images of landslide S02 acquired in 2009, 2012, 2017 and 2019 (the upper
five panels). Deformation velocity of landslide S02 got by InSAR (left lower panel). The defor-
mation in LOS direction of the three points during 2016-2021 are shown in the right lower panel.
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Figure 6. INSAR time series results of landslide S03, S04, SO5 and S14.

Similarly, S07, S10, S15, and S16 also experienced the process from initial deformation
to failure from 2003 to 2021. The InSAR time series results show that since 2016, these
landslides have had continuous deformation, and the deformation rate is significantly
higher than that of landslide S02. (See Figure 8).
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Figure 7. Optical images of landslide S06 acquired in 2003, 2009, 2017 and 2019 (the upper five
panels). Deformation velocity of landslide S06 got by InSAR (left lower panel). The deformation in
LOS direction of the three points during 2016-2021 are shown in the right lower panel.
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Figure 8. InSAR time series results of landslide S07, S10, S15 and S16.

In Figure 9, satellite images in 2003 showed that landslides S12 and S13 developed
fissures at the rear edge. S12 had obvious slip cliff and platform on the rear part. The tension
cracks and boundary are clear. Three rockslides occured at S12-1, S13-1 and S13-2 (Figure 9).
In 2019, no obvious deformation was observed on the rear edge of the two landslide bodies,
but the rockslides at S12-1, S13-1 and S13-2 expanded, and new collapses appeared at S12-2,
513-3 and S13-4. The maximum height difference, slope and estimated volume of landslides
S12 and S13 are 175 m, 156 m, 35°, 33°,5 x 10° m® and 2.6 x 10* m3, respectively.
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Figure 9. Optical images of landslide S12 and S13 acquired in 2003, and 2019 (the upper two panels).
Deformation velocity of landslide S12 and S13 got by InSAR (left lower panel). The deformation in
LOS direction of the five points during 2016-2021 are shown in the right lower panel.

The 20162021 InSAR time series results show that the landslide body has obvious
deformation. Pointl, point2, point3, point4 and point5 are the positions with large defor-
mations on the landslide. The maximum LOS deformation rate exceeds 20 mm/year, and
the cumulative LOS deformation is about 110 mm. This indicates that the slope is creeping.
Landslides S08 and S09 have basically the same deformation patterns as those of landslides
512 and S13 (see Figure 10).
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Figure 10. InSAR time series results of landslide S08 and S09.
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Among the above 14 landslides, S06, S07 and S12 were developed in coal-bearing
strata, with small goaf depth. But S02, S03, S04, SO5 and S14 were developed in the strata
above the coal-bearing strata, with deep goaf. Cracks develop faster on the rear edge of the
former landslides.

4.2. Remote Sensing Characteristics of Landslide Caused by High-Level Collapse

Among the 16 landslides (Table 3), the bodies of S01 and S11 are composed of the rock
mass from the upper part of the slope, due to rockfall. In Figure 11, the areas Al and A2
are the rockfall, B1 and B2 are the shoveled mountain range, and C1 and C2 areas are the
accumulation range.

Satellite image of S1 landslide in 2019 Satellite image of S11 landslide in 2019

Al, A2: High-level rock fall

B1, B2, B3: Shoveled mountain range

C1, C2: accumulation range
Figure 11. Optical images of landslide S01 (left) and S11 (right) acquired in 2019. The red dotted line
delineates the landslide boundary. A1 and A2 are the rockfall, B1 and B2 are the shoveled mountain
range, and C1 and C2 areas are the accumulation range.

In 2006, cracks and collapses appeared in landslide S01. The maximum height differ-
ence of the sliding body is 244 m, the slope is 43° and the estimated volume is 5 x 10* m3.
In the same year, cracking and rock sliding also occurred in landslide S11. The high-level
collapse areas gradually expanded, and the size of the sliding mass also gradually increased
(see Figure 12).

In 2006, the upper part of S11 (Al-1 rock mass) collapsed, scraped off part of the
mountain mass and disintegrated. The loose mass composed the early landslide body. In
2009, the A1-1 rock mass collapsed further. On its southwest side, a part of A1-2 rock mass
collapsed. The mass loosely piled on the west side of the slide. Images from 2012 to 2019
showed that A1-1 and A1-2 continued collapsing. The landslide body gradually enlarged,
with a maximum height difference of 314 m, a slope of 39° and an estimated volume of
3 x 10° m®. The landslide mass had continuous deformation from 2016 to 2021, and the
maximum accumulative LOS deformation is nearly 100 mm.

4.3. Evolution of the Landslides in the Goaf

This study identified 16 landslides in the study area. Except for SO1 and S11 that were
induced by high-level collapse, the remaining 14 landslides were induced by underground
goafs and have similar evolution processes. The satellite images collected in this study
completely recorded the evolution process of landslides S06 and S07; therefore we use the
time series of the two landslides, combined with the regional coal mining background to
discuss the problems caused by coal mining.
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Figure 12. Optical images of landslide S11 acquired in 2006, 2009, 2012 and 2019 (the upper four
panels). Deformation velocity of landslide S11 got by InSAR (left lower panel). The deformation in
LOS direction of the three points during 2016-2021 are shown in the right lower panel.

Landslides S06 and S07 are mainly developed in the Yaopo Formation and Longmen
Formation, which are the two major coal-measure strata in Xishan. The lithology is mainly
dark siltstone, with multiple layers of mineable coal and gravel-bearing medium-coarse
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sandstone. When the coal is mined out, the roof of the goaf will bend and sink due to
gravity, then crack and break down. Due to the shallow burial depth and multiple layers of
coal, the goaf range is large. The deformation of the overlying rock mass leads to cracks on
the surface, which further leads to the deformation of the whole slope, and finally, causes a
landslide [31-35]. According to the optical images of the study area from 2003 to 2021, the
formation process can be divided into four stages.
Stage 1: initial deformation

In this stage, ground fissures and collapse pits appeared on the mountain surface,
due to the goaf. At that time, the stability of the mountain had been destroyed, but the
deformation degree is relatively small. Figure 13 shows the satellite image of landslides S06
and S07 in 2003. L1 and L2 are the ground fissures developed on the slope. Many collapse
pits can be found at the slope foot (red arrows). The overall deformation of the slope is
not obvious.

R\

------- Ground fissures . Location of collapse pits

Figure 13. Optical image of landslides S06 and S07 in 2003. L1, L2 denotes ground fissures. P1, P2,
P3, P4, P5 and P6 denote collapsed pits.

Stage 2: slope front swelling and collapsing

In this stage, the deformation of the overlying rock mass in the goaf developed. Some
rock mass fell down and squeezed the surrounding rock. The lower part of the slope
bore greater force, so the deformation was larger. The mountain began to swell. After the
deformation had developed for some time, partial collapses occurred. Figure 14 shows the
satellite images of S06 and S07 in 2009. The cracks on the rear part of the slopes had not
merged, but many collapses occurred at the slope toe (Figure 14), indicating that the two
slides had started rapid deformation.
Stage 3: Rear part connecting and rupturing

As the collapses in the lower part of the mountain developed, the stability of the slope
was reduced and the deformation increased. The accumulated deformation increased the
cracks on the rear part of the slope. These cracks extended, connected and eventually led to
the occurrence of failure. As Figures 15 and 16 show, the fissures at the rear parts of the S06
and S07 connected in 2012 and 2016, respectively. According to the field investigation, the
failure of landslide S07 occurred on 21 July 2012 after a heavy rain, forming a cliff with a
height of 9-12 m. The failure of landslide S06 occurred on 20 July 2016 after a heavy rain as
well, forming a cliff with a height of 30-35 m.
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Figure 14. Optical image of Landslide S06 and S07 in 2009. P1, P2, P3, P4, P5 and P6 denote collapses
that occurred on the toe.

AN e W,
-------- Rear part fissure of landslide SO7
Figure 15. Optical image of landslides S06 and S07 in 2012.

Stage 4: Landslide creeping

After the failure, the internal forces of the landslide body reached a state of equilibrium.
The landslide entered a "relatively quiet period." In the absence of external interference,
the deformation of the landslide in this stage was only caused by its own gravity. The
deformation was slow, and the slope crept. Under the effects of external interference, such
as an earthquake and extreme weather, the landslide was reactivated.

The InSAR time series results show that between 2016 and 2021, landslides S06 and
S07 both had continuous deformation. The cumulative deformation exceeded 40 mm. Some
parts deformed quickly, with the accumulation exceeding 100 mm. But the deformation rate
of most parts remained stable, without obvious acceleration. The landslide body showed
no signs of disaster (Figure 17).
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Figure 16. Optical image of landslides S06 and S07 in 2017. F1 denotes the rear part fissure of

landslide S07. F1 denotes the rear part fissure of landslide S06.
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Figure 17. Deformation velocity of landslides S06 and S07 found by InSAR (left panel). The deforma-
tion in LOS direction of the six points during 2016-2021 are shown in the right panel.

The InSAR technology has limitations in monitoring the deformation of the areas with
large height differences and high vegetation coverage [36-43]. Besides, sudden and large
magnitude deformation leads to severe decoherence. However, it can still be used for the
identification of landslides in the creep stage, which have slow deformations but are large

in size.
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The above analysis shows that the goaf-induced landslide has a long development
period, which can be divided into four stages. In the first stage, the slope is stable. If there
are no drastic changes to the external environment, the hazard risk is small. In the second
stage, the lower part of the slope bulges and collapses, but the possibility of failure is still
small. The hazard risk mainly comes from rockfall in the lower part of the slope. In the
forth stage, if the deformation rate is stable, the slope body is temporarily stable. If the
deformation accelerates, the hazard risk increases, and corresponding preventive measures
should be taken. According to these features, the deformation stages of the landslide can
be determined, to guide the prevention and control measures.

4.4. The Disaster Chain of Goaf-Landslide-Debris Flow

A total of 16 landslides were identified in the study area. All these landslides were
developed in the coal mining area. Besides large-scale goafs, a large amount of coal gangue
and other materials were loosely piled in the ditches. There were floods and debris flow
disasters in this area [44]. Once these landslides become unstable during heavy rainfall, the
transported material, together with coal gangue, may block the channel, form a dam, and
then form a debris flow.

4.4.1. Mode of the Disaster Chain

We take landslides S06, S07 and S08 as examples to analyze the disaster chain mode.
The three landslides are concentrated in the middle reaches of Anzigou ditch. S06 and
S07 are located on the west side, and S08 is located on the east side (Figure 18). The three
landslides have an estimated total volume of about 2 million m3. They are located on a
Jurassic coal-bearing stratum, which is relatively soft. At present, the landslide bodies
are creeping.

ndslide boundar: Range of Anzigou ditch watershed

Figure 18. 3D map of Anzi Ditch.

According to the monitoring data of the Beijing Institute of Geological Hazard Pre-
vention and Control, heavy rainfall occurs frequently in the flood season in the study area.
506 and S07 experienced heavy rainfall in 2016 (daily rainfall of 176 mm) and 2012 (daily
rainfall of 234 mm), respectively, and they slid downward for 30 m and 10 m, respectively.
The deformation of the landslide is increasing, and the stability of the slope mass continues
decreasing. In the case of heavy rain, a large-scale slide may occur.

A large amount of coal gangue accumulated in Anzigou ditch, with a total volume of
about 7 x 10° m>. No debris flow has occurred yet. The channel is V-shaped. The width of
the channel section, where the three landslide bodies are located, is less than 100 m. Once
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the failure occurs, a mass as large as 2 million m? will be washed down, which will block
the channel and form a dam. If the dam breaks, debris flow will occur.

4.4.2. Terrain Condition

In addition to precipitation and material, topography also affects the occurrence
of debris flows. We combined historic records and field investigations and found that
110 debris flows have occurred in Beijing since 1920. Among them, 53 ditches are dis-
tributed in the coal mining area. Using high-precision remote sensing images and DEM,
we calculated the channel slope, the average slope of the hillside and the main channel
bending coefficient of these ditches (Figure 19).
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Figure 19. Average slope, longitudial slope of main ditch, and bending factor information of
110 debris flows in Beijing (Panel a—c in the left side). Average slope, longitudial slope of main
ditch, and bending factor information of 53 debris flows in the coal mining area (Panel d—f in the
right side).

The results show that, if the rainfall and mass sources are not considered, in the Beijing
area, debris flows are most likely to occur in the ditches with a slope gradient of 130-250%.,
an average slope of 29-38°, or a main channel curvature coefficient less than 1.3. The debris
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flow ditches in the coal mining area of Beijing have the same average slope and longitudinal
slope as those of the Beijing area, but the bending coefficient is around 1.1 (d—f in Figure 19).

The Anzigou ditch watershed area is 2.04 km?, the slope gradient is 221.19%,, the
average slope is 31.65° and the curvature coefficient of the main channel is 1.12. Such
terrain is favorable for the occurrence of debris flow.

Landslides S06, S07 and SO08, together with the Anzigou ditch, form a potential
“goaf-landslide—debris flow” disaster chain.

Landslide S10, S11, S12, and S13 developed in the Dongjiang ditch of Jinjitai Village
(Figure 20). S12 and S13 are located downstream of the ditch, and their estimated total
volume is about 7.6 x 10° m3. The current deformation stage of the landslides, rainfall,
mass source and topographic conditions of the channel all are favorable for the formation of
a “goaf-landslide-debris flow” chain disaster, posing a threat to Jinjitai Village (Figure 20).

Figure 20. 3D Map of Dongjiang Ditch.

Upstream from the Dacunjian ditch (Figure 21), landslides S03 and S04 are currently
in the second deformation stage, when the slope front swells and collapses. Additionally,
landslide SO1 and S02 have continuous deformation as well. As the deformation develops,
the fissures on the rear edges will expand. The landslide body gradually grows, and may
cause chain disasters.

{Landslide boundary !

iRange of Dacunjian ditch watershed

Figure 21. 3D map of Dacunjian Ditch.
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Considering the size, location and topography, the remaining landslides cannot cur-
rently cause chain disasters.

5. Conclusions

In this paper, the multi-temporal high spatial resolution optical satellite images and
RadarSat-2 data are used to identify the geological hazards, such as landslides, in the Xishan
mining area, Beijing, China. We also discuss the possibility of a “goaf-landslide—debris
flow” chain disaster in the study area. The following conclusions are drawn.

(1) The landslides in the Xishan mining area show obvious surface deformation during
their development, which consists of the following four stages: initial deformation, slope
front swelling and collapsing, rear part connecting and rupturing, and landslide creeping.
The entire evolution process takes longer than ten years. The deformation process can
be identified and quantified using optical remote sensing monitoring and time series
InSAR technology.

(2) A total of 32 collapses and 19 landslides were identified in the study area. The
distribution of collapses is related to topography and mining activity. The landslides are
concentrated. There are 16 medium sized landslides, and they are divided into three types
according to the development strata, the sliding features and the deformation stage. The
first type is caused by high-level rock mass collapse. It develops in the overlying strata
of the coal-bearing stratum. After failure, the landslide continues to deform. The other
two types are caused by the rupture of goaves. The second type is mostly developed in
the overlying strata of coal-bearing strata. The depth of the goaf is large, and the sliding
surfaces are not connected. These landslides are mostly in either the initial deformation
stage or the slope front swelling and collapsing stage. The third type is developed in
coal-bearing strata. The depth of the goaf is small, and the sliding surfaces are all connected.
These landslides are in the stage of creeping, and the deformation rate is significantly higher
than that of the second type.

(3) The topography and precipitation of the Anzigou ditch and the Dongjianggou
ditch are favorable for the occurrence of debris flows. In case of heavy rain, landslides S06,
507, S08, the Anzigou ditch, 510, S11, S12, S13 and the Dongjianggou ditch, as well as S01,
502, S03, S04 and the Dacunjiangou ditch all have the risk of a “goaf-landslide-debris flow”
disaster chain.

(4) In a goaf, surface and underground disturbances can be serious, and their un-
derground structures are complex. In those areas, besides ground fissures and ground
subsidence, landslides and chain disasters may occur. To prevent and reduce the dam-
age caused by geological disasters in those areas, we can identify areas with geohazard
risks using multi-platform and multi-sensory remote sensing technologies, and build a
comprehensive monitoring system for geological disasters using ground, airborne and
spaceborne observations.
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Abstract: Ground-based synthetic aperture radar interferometry (GB-InSAR) has the characteristics of
high precision, high temporal resolution, and high spatial resolution, and is widely used in highwall
deformation monitoring. The traditional GB-InSAR real-time processing method is to process the
whole data set or group in time sequence. This type of method takes up a lot of computer memory,
has low efficiency, cannot meet the timeliness of slope monitoring, and cannot perform deformation
prediction and disaster warning forecasting. In response to this problem, this paper proposes a
GB-InSAR time series processing method based on the LSTM (long short-term memory) model. First,
according to the early monitoring data of GBSAR equipment, the time series INSAR method (PS-
InSAR, SBAS, etc.) is used to obtain the initial deformation information. According to the deformation
calculated in the previous stage and the atmospheric environmental parameters monitored, the LSTM
model is used to predict the deformation and atmospheric delay at the next time. The phase is
removed from the interference phase, and finally the residual phase is unwrapped using the spatial
domain unwrapping algorithm to solve the residual deformation. The predicted deformation and
the residual deformation are added to obtain the deformation amount at the current moment. This
method only needs to process the difference map at the current moment, which greatly saves time
series processing time and can realize the prediction of deformation variables. The reliability of the
proposed method is verified by ground-based SAR monitoring data of the Guangyuan landslide in
Sichuan Province.

Keywords: GB-InNSAR; LSTM model; deformation prediction; real-time processing

1. Introduction

After 20 years of continuous development of ground-based SAR, many scholars and
experts have conducted research on its application in different fields, so that ground-based
SAR can continue to develop and be suitable for monitoring in different scenarios [1-5].
In 2018, S. Kuraoka successfully monitored the eruption process of Hakone volcano in
Japan using the IBIS-L system, proving that GB-InSAR technology is a feasible method for
monitoring volcanic activity [6]. In 2018, in order to study the relationship between the
evolution of volcanic landforms and slope instability, Di Traglia et al. used the joint moni-
toring method of COSMO satellite and ground-based SAR to monitor volcanoes in a certain
area of Italy. This method emphasized ground-based SAR equipment and spaceborne
SAR. The feasibility of joint monitoring volcanic activity provides a feasible method for the
subsequent study of volcanic evolution [7]. In 2019, T.carla et al. adopted the method of
joint GNSS, spaceborne SAR and ground-based SAR for a landslide in the alpine region of
Italy; the experiment proved the feasibility of the joint measurement of GNSS technology
and InSAR technology, and has more advantages for GNSS technology in snow-covered
areas, which provides ideas and methods for subsequent joint data and InNSAR monitoring
in alpine regions [8]. In 2021, T. Carla et al. used GB-InSAR technology to process and
analyze the monitoring data of a large landslide in the Italian Alps for ten years, and
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analyzed the impact of hydrological changes on the surface deformation rate by combining
with precipitation and snowfall data, and constructed a finite element method. The model
models the deformation rate of the landslide mass at different heights and depths, and
experiments demonstrate the importance of long-term GB-InSAR monitoring [9].

GB-InSAR has a higher sampling frequency, which can describe the dynamic deforma-
tion process of the monitoring target more finely [10-15]. The high sampling frequency also
brings the problem of a large amount of data. How to quickly calculate the deformation-
monitoring results is a hot issue in current research, which is of great significance to the
early warning and prediction of geological disasters. The current GB-InSAR time series
methods mainly use permanent scatterer technology and small baseline set technology.
According to the idea of statistics, modeling and analysis are carried out for points that
maintain stable and reliable phase quality in the time dimension, and finally the time series
monitoring results of the points are obtained. However, these methods require analysis of
the entire data set which is inefficient, and with the accumulation of data, the hardware
requirements are also high, and the future cannot be predicted, which is not conducive
to the prevention and control of geological disasters. In recent years, China and other
countries have also carried out relevant research. In 2019, Wang proposed a real-time
ground-based synthetic aperture radar processing method [16], (real-time ground-based
SAR, RT-GBSAR), which is based on SBAS-InSAR. The data set is divided into different
units for processing, which has the characteristics of small system resource occupation
and fast processing. Izumi et al. adopted the method of packet processing [17] to realize
real-time data processing. Group processing solves the problem of real-time processing to
a certain extent, but it does not have the function of deformation prediction, and there are
still certain limitations in the monitoring of ground disasters.

Long short-term memory (LSTM) is an improvement in the recurrent neural network
(RNN) model, which solves the phenomenon of gradient disappearance and gradient
explosion, and can be used to solve the problem of long-term sequence prediction problems.
In recent years, the LSTM model has also been used in InSAR data processing. In 2021,
Liu Qinghao et al. built an LSTM model to predict the land subsidence results obtained
by InSAR time series processing. However, the application of combining the LSTM model
with GB-InSAR to realize deformation prediction and real-time processing is seldom [18].
GB-InSAR has high frequency and regular sampling frequency, so it is suitable to use the
LSTM model for time series analysis.

Aiming at the problems of high resource occupation, long consumption time and poor
prediction effect in GB-InSAR time series data processing, this paper proposes a real-time
GB-InSAR slope deformation processing method based on the LSTM model. The first
step is to build a deep learning sample library for the deformation variables obtained in
the pre-processing, then to train the LSTM deep learning model, use the LSTM model to
predict the deformation variables at the next moment, and remove them from the current
differential phase. At the same time, the deep learning sample library is constructed for the
atmospheric parameters obtained in the previous stage, the training model is used, and
the atmospheric phase at the next moment is predicted, and the same is removed from
the current differential phase. Finally, the residual phase is unwrapped using the spatial
domain unwrapping algorithm, and the residual deformation is calculated. The predicted
deformation and the residual deformation are added to obtain the deformation amount at
the current moment. This method only needs to process the difference map at the current
moment, which greatly saves time series processing time and can realize the prediction of
deformation variables.

2. Materials and Methods
2.1. Desciption of Guangyuan Landslides

On 7 October 2021, a landslide occurred near Yanwo Village, Guangyuan City, Sichuan
Province. The landslide was located near Dashiyan, Yanwo Village, Guangyuan City,
specifically at 106°0'41.53" east longitude, 32°22'28.449" north latitude. The highest point
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is located on the top of the mountain in the north, with an altitude of 756 m, and the
lowest point is located at the bottom of the mountain, with an altitude of 540m, and the
height difference between the two is 216 m. The upper part of the landslide is steep, with
a gradient of about 15° to 30°, and the lower part is relatively gentle, with a gradient of
about 5° to 20°, and the overall main sliding direction is about 223°. The landslide starts
from the upper part of the hillside, the trailing edge of the landslide is bounded by bedrock,
and the west and east sides are bounded by a little exposed bedrock. The possibility of the
landslide continuing to expand cannot be ruled out. The landslide is about 851 m long,
120 m to 160 m wide, about 2 m thick on average, and has a distribution area of about
77,297 square meters. It is a large soil landslide. The landslide extends in the southwest
direction as a whole, and the lateral extension is short. At present, the deformation of the
landslide is mainly concentrated in the top trailing edge, local slow displacement occurs
at the soil layer accumulation from the middle to the bottom, and the overall structure
tends to be stable. If the landslide deforms significantly and this causes the landslide to
become unstable, then the landslide will pose a threat to the residents in the danger zone
and the three high-voltage power line towers. Contact monitoring is dangerous, and the
satellite time baseline is long, which is not suitable for emergency monitoring. Therefore,
GB-InSAR with short time baseline, high resolution and flexible observation angle is used
for continuous monitoring. The location of the study area and the field equipment is shown
in Figure 1.

106°0'16"E 106°024"E 106°032"E 106°

32°22'48'N

z
2
g
N
&
4

Figure 1. (a) is an orthophoto image processed by the DJI Royal 2 drone on 30 October 2021, showing
the geographic location of the study area. P1, P2 and P3 are three study points selected from different
locations of the landslide. P1 is the rear wall of the landslide, P2 is the landslide platform, and P3 is
the secondary step. (b) is a photo of the GPRI-II equipment and the landslide mass.

The GAMMA Portable Radar Interferometer (GPRI-II) was set up 500 m south of
the landslide. At the same time, the FSR-8 automatic weather station with the same time
baseline was used to collect the necessary meteorological parameters for a total of 16 days,
of which there was no interruption in the first 14 days. Day 15 was suspended for 8 h due
to power issues. The main parameters during measurement are show in Table 1:

Table 1. SAR data acquisition parameters.

Radar elevation angle 0°
Radar gain 54 dB
Measuring distance range 30 m-1400 m
Measuring angle range —90°-60°
Range resolution 0.7495 m
Azimuth resolution (—3 dB) 6.8 m (1 km)
Single imaging time 15s
Time interval between two images 5 min
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2.2. GB-InSAR Phase Model

After GBSAR was installed, the monitoring target was observed at a certain frequency
(minute level). Due to the stable observation attitude, a zero baseline could be achieved.
Compared with the spaceborne interference phase model, there is no reference plane phase
and elevation phase, and the corresponding interference phase model can be represented
by the following formula:

P = Pdef + @Qatm + Pnoise + 2kt (1)

Among them, ¢ is the interferometric phase of the wrapping, @ is the deformation
corresponding to the radar line of sight, ¢4y, is the atmospheric delay phase in the radar
line of sight, @,,ys. is the interference phase noise, and k is the number of integer cycles [19].
Among them, the atmospheric delay phase is the most important error source affecting
the monitoring accuracy of GB-InSAR. The research shows that at a distance of 1 km from
the GBSAR device, when the temperature is 20 °C, a 1% humidity change can lead to a
measurement error of 2 mm [20,21].

According to the propagation mode of electromagnetic waves in the air, a mathemati-
cal model and a physical model were constructed for the atmospheric delay phase. The
mathematical model is based on the propagation principle of electromagnetic waves. The
radar emits electromagnetic waves with a wavelength of 1 at all times, and the electromag-
netic waves reach the target pixel after the propagation distance return. The echo phase
model for this pixel is [22]:

RNV, A t2))
epli,j) = T n(r, t)dr 2)

n is the refractive index related to distance and time.

The physical model assumes that in the ground-based SAR monitoring, the spatial
distribution of the atmospheric medium is assumed to be uniform within the monitoring
area of 300-500 m, and the refractive index is independent of distance and only related to
time, so the atmospheric phase of the pixel can be expressed as:

ol = 1) ©

In the formula, the relationship between the refractive index n and the refractive index
N can be expressed as:
N=(n-1)x10° (4

In atmospheric refraction studies, the refractive index is usually expressed by temper-
ature, air pressure, and relative humidity [23]:

0.2589 373x10°xe 717xe
N=—"—+ 72 +—= ©)

In the formula, / is the atmospheric pressure and e is the water vapor pressure, which
can be expressed as [24] according to the Magnus saturated water vapor pressure formula:

h
e= mesut (6)
esat = 6.1016 - 10(75273) -

Through the above analysis, the range-to-homogeneous atmospheric phase during
GBSAR monitoring can be modeled and eliminated from the interference phase, while
reducing the difficulty of phase unwrapping in the space domain.
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2.3. Long Short-Term Memory for Sequence Modeling

For the phenomenon of gradient disappearance and gradient explosion in RNN,
Hochreiter proposed a network structure to improve the gradient disappearance problem,
which works in a similar way to RNN. The difference is that a memory storage mechanism
is established in some units within RNN to achieve more effective information storage and
updates. Figure 2 shows the internal structure of the LSTM. By analyzing Figure 2, it can
be seen that LSTM is obviously different from RNN in that it adds a gating unit, and the
network transmits the gating unit information and the cell state at the last moment to the
next unit in the network.

o o

»

v
o

Forget Input
ate gt cel 4
Jt lr stage Ct
‘ sigmoid ‘ ‘ sigmoid | ‘ tanh ‘ ‘ sigmoid ‘

A S A A ,1‘

\4

X

Figure 2. Schematic diagram of the LSTM cell structure. There are four types of gating units in LSTM
cells: Forget gate, Input gate, Cell stage and Output gate. ¢; and ¢;_; are the state of the cell at time ¢
and time t — 1. /i; and /;_; are the state of the hide at time ¢ and time t — 1. x; is the input variable at
time t.

After the input data are processed by the LSTM model, the predicted value at the next
moment is obtained. The LSTM model can be expressed as:

fi= a(wf ey, x] + bf) ®)
i = o(w; - [hy_1, xi] + b;) )
Cr = tanh(We - [hy_1, x¢] + be) (10)
Cr=fixC1+ixC (11)

or = 0(Wo - [hy—1,xt] + by) (12)
Iy = o0; X tanh(Cy) (13)

3. Proposed Methodology

Firstly, this paper uses the time-series INSAR technology to obtain the deformation
variable data set, and organizes and models the meteorological parameter data to obtain
the atmospheric phase data set. After that, the LSTM prediction model is trained with
two kinds of data sets, and the prediction accuracy of the model is evaluated by the
prediction effect of the two kinds of data. Finally, the prediction model is used to realize
the real-time processing of GB-INSAR monitoring and obtain the real-time processing
results. The accuracy of the method is evaluated by the precision of inner coincidence and
a computational efficiency evaluation. The technical roadmap for this paper is shown in
the Figure 3 below:
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Figure 3. The technical roadmap of GB-InSAR time series processing method based on LSTM model.

3.1. Deformation Prediction
3.1.1. Data Normalization

In order to make the neural network model converge faster and obtain higher predic-
tion accuracy, the variable values entering the neural network model should belong to the
same range; that is, the value range of the data set should be consistent, and it is necessary
to manually adjust the range of variables according to a certain ratio, the variable is scaled,
and the following are two common processing methods:

Normalization refers to the scaling of variable values in the range zero to one or
negative one to one [24]. First, make the difference between the maximum value Xpyax and
the minimum value of the variable Xy, to obtain the variation range of the variable X, and
then divide each observation X; value in the variable X with the minimum value X,j, of
the variable X and divide it by the variation range of the variable X to scale the observed
value X; to zero to one; the process is called maximum and minimum normalization, as
shown in the following formula:

Xi_Xmin

Xi(nornalized) = X (14)

max Xmin

The normalized atmospheric phase value and deformation phase value are selected
and shown in Tables 2 and 3.
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Table 2. After normalization of deformation data.

Time 2021.10.17 2021.10.17 2021.10.17 2021.10.17 2021.10.17

Num 16:13:05 16:33:05 16:53:05 17:13:05 17:33:05
1 0.875 0.884 0.885 0.858 0.842
2 0.875 0.882 0.852 0.837 0.839
3 0.875 0.880 0.881 0.858 0.845
4 0.875 0.876 0.878 0.858 0.848

Table 3. After normalization of atmospheric phase data.

Time  2021.10.17  2021.10.17  2021.10.17  2021.10.17  2021.10.17
Unit 16:13:05 16:33:05 16:53:05 17:13:05 17:33:05

Radian 0.695 0.696 0.686 0.702 0.685

3.1.2. LSTM Network Design

The data set is divided into a training set, validation set and test set according to the
ratio of 6:2:2. After the network design is completed, the training set can be input to train
the model. In the training process of the model, due to the complex network structure of
the neural network, as the number of iterations increases, the model is prone to overfitting.
Therefore, in order to have a high generalization ability of the model and avoid overfitting,
the model’s dropout layer needs to be added in the LSTM layer. The main function of
this layer is to discard the neurons in the LSTM layer according to a certain proportion in
each training [25].

After experimental testing, the increase in the number of LSTM layers does not change
the prediction accuracy of the model, and the selection of timesteps is equally important.
Selecting timesteps is three, that is, predicting the deformation variables at the next moment
according to the deformation variables of the first three moments, which corresponds to
the experiment in this paper. That is, it is recommended to use the one-hour deformation
data to predict the deformation data after 20 min as the output. The Units parameter in
the LSTM layer represents the number of neurons in this layer, which is the tensor output
dimension of the LSTM layer. Activation represents the activation function method. The
ReLU activation function is selected in the LSTM layer, and the sigmoid activation function
is selected in the Dense layer. This combination method enables the model to obtain higher
accuracy. The dropout layer is set to zero point two, that is, twenty percent of neurons are
randomly dropped during each training [26-28].

3.1.3. Hyperparameter Selection

For neural network models, there are many hyperparameters in the model, which
control the structure, function, and efficiency of the model, and are the key to obtain-
ing high-precision results for the model. The hyperparameter selection of the model in
the experiment in this paper is adjusted using the grid search method. By setting the
range of hyperparameters, the model is evaluated according to a certain growth rate of
hyperparameters, so as to select the combination of hyperparameters with the best model
performance.

In the evaluation index of the model, we use the loss rate to measure; the loss rate is
mainly the calculation method of the MSE (mean square error), and its calculation method
is shown in the following:

. 2
MSE :Zn (Predicted; —Actual;)

i=1 n

(15)
In the training process of the model, the fitting degree of the model is judged by

measuring the size of the loss function. When the loss rates of the training set and the
validation set finally reach the same level, it proves that the model has achieved a good

291



Remote Sens. 2022, 14, 5067

fitting effect. The combination of hyperparameters of the model determined using the grid
search method is shown in Table 4:

Table 4. LSTM model hyperparameter combination table.

Hyperparameter Name Value
LSTM_units 128
Dropout 0.2
Batch_size 128
epochs 400

For deformable data, this paper conducts first-order difference to remove the auto-
correlation of the data itself and then trains the model. For atmospheric phase data, since
the data itself have periodic components, this paper uses the STL (seasonal trend loss)
method to decompose the periodic term, trend term and residual term. After that, the three
components are modeled separately. The predicted values of the three components are
then added to obtain the overall predicted value. The training set and validation set loss
rate curves of the model are shown in Figures 4 and 5:

0.0200 F ——  Train set
~——  Validation set
0.0175
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Figure 4. The deformation loss rate curve of the training set and the validation set. The loss value

approaches 0 after 400 epochs.
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Figure 5. The atmosphere phase loss rate curve of the training set and the validation set. The loss

value approaches 0 after 500 epochs.

In the Figure 5, the horizontal axis represents the epoch, and the vertical axis represents
the size of the model loss. When the epoch reaches 500 times, the loss rate converges well,
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and finally reaches a stable value near 0.000002, indicating that the prediction accuracy of
the deformation prediction model is very high.

3.2. Real-Time Processing
3.2.1. Obtaining the Initial Deformation Value

PS-InSAR technology is a method of selecting PS (Permanent Scatterer) point targets
for time series analysis by statistically analyzing the SAR time series data in the study area
according to the amplitude and phase. Different from the D-InSAR method [29], it only
models and analyzes point targets with high coherence, strong scattering and stability,
which effectively reduces the impact of decoherence on data processing. Sequence analysis
can clearly obtain the change in the deformation of the target area over time, and more
intuitively understand the change trend of the surface, which is helpful for the investigation
and prevention of geological disasters. The technical process of PS-InSAR is shown in
Figure 6 below:

p
N+1 SAR images
» Differential Interference
Registration -
‘ I
N
Select major and secondary images
Calculate the liner deformation rates

!

Estimating atmospheric phase

The second iteration

Select permanent sctter

After removing the atmospheric

Build a Delaunay triangulation phase, reselect the permanent scatter

A 4

Deformation rate

- J

Figure 6. The framework of PS-InSAR analysis. The final deformation rate results of N + 1 SAR data
are obtained by the flow in the figure.

In Figure 6, in the monitoring of GBSAR, the radar transmitter moves along a fixed
orbit in each measurement. After the main image is selected, PS points are selected by
setting thresholds for the phase dispersion index and coherence coefficient, and then the
auxiliary image and the main image are subjected to interference processing, respectively,
to construct a phase model function. Then, build a Delaunay triangulation for all adjacent
PS points, use the solution space search method for the phase difference of PS points on
the same baseline, iteratively solve the linear deformation rate, analyze the residual phase,
and estimate the atmospheric phase component. After the atmospheric phase is separated
from the phase, the PS point is reselected and the above operation is repeated to obtain the
deformation time series results of the monitoring area.

3.2.2. Real-Time Processing

For time t — 1, use the scene data before f — 1 to analyze the time series of the
monitoring area, and obtain the deformation variable data within this time range, and use
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these data as the data set of the LSTM model to predict the deformation variable at time .
The meteorological parameters [30] collected by the weather station at the previous time
t — 1 are used to fit and predict the atmospheric phase at time f, which can be:

Pt_pred = Patm_pred + Pdef_pred (16)

The formula represents the predicted phase at time ¢, including the predicted value
of the atmospheric phase and the predicted value of the deformation phase. At time ¢, if
you want to perform time series analysis, you need to remodel and solve the data at the
previous time f, which will waste more time and resources. Interference is performed at
time £, and the phase includes:

Pt = Patm + (Pdef + Prnoise -+ 2k (17)

The atmospheric phase change and deformation phase change at time t relative to
time t — 1 are subtracted from the difference result between time t — 1 and time t. At this
time, there are only residual atmospheric phase and residual deformation phase in the
phase. bit and noise phase. At this time, the spatial domain unwrapping of the interference
phase is performed after the spatial domain filtering, which is easier than the original
differential phase, and a better unwrapping result can be obtained. After the unwrapped
phase is obtained, according to the deformation result at time f — 1, a mask is generated
to cover up the area with a large deformation amount. For the stable area, the residual
phase is the atmospheric phase of the area. The residual atmospheric phase of the entire
monitoring area is obtained by interpolation, and the residual deformation phase can be
obtained by subtracting the phase from the previous step. After being converted into
a deformation variable and added to the predicted deformation variable at time f, the
predicted deformation variable at time ¢ can be corrected, and the time for time series
analysis can be saved in order to achieve the effect of real-time monitoring.

4. Results

In this section, the GBSAR monitoring data of Guangyuan City, Sichuan Province were
used for experiments, and 20% of the total data were used to predict the atmospheric phase
and shape variables. Finally, 40 views of GBSAR data from 14:39 on October 28 to 03:59 on
October 29 were used for the real-time processing experiment.

Figures 7 and 8, respectively, show the interferogram and the selected PS point dia-
gram at 16:00 on the 17th and 16:00 on the 19th. Analysis of Figure 7 shows that the land-
slide body has undergone large deformation, and the coherence is poor in the vegetation

coverage area.

Figure 7. Interferogram result between 16:00 on the 17th and 16:00 on the 19th.
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Figure 8. Schematic diagram of PS points selected in the target area.

4.1. Atmosphere Prediction

In this paper, the monitoring area was monitored for 16 days of meteorological pa-
rameters. By ensuring that the sampling frequency of GBSAR was consistent with that
of GBSAR, the changes in atmospheric parameters during the observation period were
obtained. According to the atmospheric phase model of GBSAR, the atmospheric phase
based on the distance direction was obtained. The data set was constructed using this data,
and the LSTM prediction result of the monitoring area was obtained by applying the LSTM
network model, which is plotted in Figure 9.
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Figure 9. Time series change diagram of atmosphere phase prediction.

4.2. Deformation Prediction

In this paper, a total of 1,398,120 PS points and the deformation amount of 59 h in the
entire monitoring area were predicted, and the deformation prediction results are partially
shown in Figure 10 below according to a certain time interval. To make a difference, we
drew the prediction residuals as shown in Figures 11 and 12, and drew the prediction
residuals in Figures 13 and 14. By analyzing the above results, it can be seen that the
LSTM network model has high prediction accuracy in the entire monitoring area, and the
prediction results of the key deformation area and the stable area are in line with the facts.
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Figure 10. Historical results of deformation prediction along LOS direction. The displacement map
was generated between the date that is marked in the low right corner and 17 October 2021 (the first
acquisition date of GBSAR image). The deformation of the landslide is obvious. The color bar ranges
from —104 mm to 135 mm.
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Figure 11. 10/29 20:29 Residual plot of real value and predicted value.
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Figure 12. 10/30 00:09 Residual plot of real and predicted values.
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Figure 14. Histogram of residuals at 10/30 00:09.

4.3. Real-Time Processing

This experiment uses the ground-based SAR data of 40 scenes from 14:39 on 28 October
to 03:59 on 29 October. First, the difference results between time t — 1 and time t are obtained
as shown in Figure 15. From the difference map, it can be clearly seen that there is an
atmospheric phase with a trend term, and there is relatively large atmospheric disturbance
in the area farthest from the radar center. The atmospheric phase and deformation phase
predicted by the LSTM model are subtracted from the interference phase, and the results are
shown in Figure 16. Analysis of the results shows that when fitting the atmospheric phase
in the horizontal direction in this area, there is still atmospheric turbulence in the elevation
direction and in a small area. For this part of the atmospheric phase, the method of mask
interpolation after unwrapping is used to remove it. For the phase residuals of adjacent
moments, spatial domain filtering is first performed, and the filtering results are shown in
Figure 17. The filtering will remove the noise interference in the residuals. After that, the
minimum cost flow method is used to unwrap, and the unwrapping results are shown in
Figure 18. After unwrapping, the atmospheric phase of the trend term can be clearly seen,
and then the stable region is interpolated after masking, and the fitted atmospheric phase
is shown in Figure 19. After subtracting the residual atmospheric phase from the residual,
the residual deformation is obtained as shown in Figure 20. Analysis of Figure 18 shows
that the residual deformation of most regions is predicted to be zero, which proves that the
LSTM model can be used to complete large regions with high accuracy. In the deformation
prediction, the real-time processing deformation variable at time t is obtained by adding
the deformation residual to the predicted value at the end.
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Figure 15. Interferogram of adjacent images. The interference phase includes the deformation phase,
atmospheric phase, noise and whole cycle.

rad
3000

4000 |
5000

6000 [

Range samples

8000 [

9000 -

10000
4000 6000 8000 10000 12000 14000
Azimuth lines

Figure 16. Interferogram residual phase diagram. The phase includes the remaining deformation
phase, the remaining atmospheric phase and the whole cycle.
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Figure 17. Residual phase map after filtering. The residual phase is filtered by the spatial domain
filtering algorithm, and the filtered phase is obtained.
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Figure 18. Residual phase diagram after unwrapping. The interference phase contains only a small
amount of deformation phase and atmospheric phase, so it is easier to untangle and reduce the
unwinding error.
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Figure 19. Interpolated atmospheric phase diagram. In the study area, the stable region is selected by
taking the shape variable as the threshold, and the phase of the stable region is interpolated to obtain
the overall atmospheric delay phase.
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Figure 20. Residual deformation phase diagram. The residual deformation phase can be calculated
by subtracting the interpolated atmospheric phase from the residual.
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By processing 40 scene data to simulate real-time processing in the monitoring envi-
ronment, the final deformation rate graph is obtained as shown in Figure 21:
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Figure 21. Final deformation rate graph. The slide body can be clearly identified from the figure and
the deformation of the slide body can be analyzed.

According to the points P1, P2 and P3 selected in Figure 1a, they are used as the
research objects for time series analysis, and their time series change curves within 800 min
are drawn as shown in Figures 22 and 23:
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Figure 22. Real deformation curves of three research points. P1 is located at the crown cracks, P2
is located at the head, and P3 is located at the minor scarp. According to the analysis curve, the
deformation rate of the three points is different, but all of them keep rising.

300



Remote Sens. 2022, 14, 5067

25~

Deformation: mm

0.5
0 100 200 300 400 500 600 700 800

Time: min
Figure 23. Real time processing method for deformation curves.

By analyzing the change curves of the three points in Figure 23, the time series results
obtained by this real-time processing method are consistent with the GB-InSAR time series
analysis results, which are in line with the real deformation variable changes, which proves
that this method can realize real-time deformation processing. The process is as follows:
select the deformation variable in the stable region for statistical analysis, and draw the
frequency statistical histogram of the deformation variable in this region as shown in
Figure 24:
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Figure 24. Deformation statistics histogram of the real-time processing method.

Generally speaking, the GB-INSAR deformation results need to be obtained through
timing processing. Timing processing requires modeling and analysis of the entire data,
using PS-INSAR or SBAS-InSAR methods. Due to the large amount of data in this method,
the processing needs a lot of time, and the data set needs to be recalculated every time
an additional scene is added. In this paper, the time of sequence analysis of 40 scenes of
GBSAR data is counted, and the computer configuration used in the experiment is shown
in Table 5. The time consumed by the real-time processing method proposed in this paper
is plotted in Table 6.

301



Remote Sens. 2022, 14, 5067

Table 5. Experimental environment configuration.

Operating System Ubuntu 20.04
Development Platform Google Tensorflow
GPU TITAN RTX 32G
CPU Inter Xeon(R) Silver 4116 @2.10GHz x 48
Memory 128G

Table 6. Time-consuming statistics table.

Number of 33 34 35 36 37 38 39 40
Data Scenes

Consume 4.72 4.77 4.75 4.7 4.76 47 47 4.73
Time (min)

Original 35.4 35.4 354 355 355 355 356 356

Time (min)

According to Table 5, GB-InSAR real-time monitoring based on LSTM network model
has high processing efficiency, which can realize real-time monitoring and obtain high-
precision results in slope monitoring. The average time of obtain deformation results by
the real-time processing method is 4.73 min, which is much faster than the ordinary time
series processing method. It is proved that the method can obtain results quickly and play
a greater role in site landslide monitoring.

5. Discussion

The results show that the application of the LSTM model can effectively predict the
deformation variables of the landslide in Guangyuan City, Sichuan Province. By evaluating
the accuracy of the prediction results, the results show that the LSTM model can provide
accurate prediction results. Compared with the linear prediction model, using the LSTM
model for prediction can mine the correlation between historical data and make more
accurate predictions for future data; compared with the machine learning model, it has the
advantages of faster model convergence and higher prediction accuracy. At the same time,
the distance from the study area to the atmosphere was predicted, and good prediction
results were also obtained. GB-InSAR technology has the advantages of high precision,
high spatial and temporal resolution, and flexible observation. The combination of the
LSTM model and GB-InSAR provides more means for ground observation.

Based on the LSTM model, the GB-InSAR real-time processing method proposed
in this paper can complete the extraction of deformation information in a short time. In
the case of fewer computer resources and shorter time consumption, GB-INSAR time
series processing is completed, and the time series results of deformation variables are
obtained. The method proposed in this paper can provide case reference and verification
for subsequent GB-InSAR monitoring technology and data-processing methods.

6. Conclusions

As a non-contact measurement technology, GB-InSAR technology can measure land-
slides with high precision and high spatial and temporal resolution. Compared with SAR
satellites, ground-based SAR has a short time baseline, no spatial baseline, high resolution,
and high-resolution observation. The advantages of flexible angle are widely used in
landslide monitoring. Based on this, this paper proposes a GB-InSAR timing processing
method based on the LSTM network model, aiming at the importance of deformation
prediction in GBSAR monitoring, and the shortcomings of GB-InSAR timing analysis, such
as slow processing efficiency, high memory consumption and inability to carry out real-
time monitoring. The experimental results show that the method can quickly obtain the
deformation prediction results in the monitoring area, and the inner coincidence accuracy
evaluation proves that the method has high deformation prediction accuracy. At the same
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time, the real-time processing module can obtain the shape variables in real time, and the
hardware occupancy rate is low, which proves that the method has high-precision real-time
processing ability. The following conclusions are drawn through the experiment:

(1) The LSTM model has high deformation prediction accuracy for the deformation
results of GB-InSAR, and the standard deviation of the deformation prediction residual is
0.46 mm, which has the advantages of high prediction accuracy and fast model convergence
speed.

(2) The proposed method can quickly obtain deformation results without occupying
a large amount of memory, and the real-time processing time of a single scene is better
than 5 min.

(8) Compared with the traditional GB-InSAR time series processing method, the
standard deviation of the proposed method in the slow deformation region is between
0.1-0.3 mm, and the average deviation from the traditional method is within 0.13 mm.
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