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Ningdong coal base area located in northwestern China is one of the largest coal-
producing bases in China. The aim of this work is to investigate a regional-scale
mining subsidence over the Ningdong coal base area, by using both conventional
and advanced Differential Synthetic Aperture Radar Interferometry (DINSAR)
methods. Fifteen L-band SAR images from ALOS-2 satellite and 102 C-band
images from Sentinel-1A satellite spanning between November 2014 and July
2019 were used for the analysis. To increase the spatial extent of the displacement
signal because of decorrelated effects, we modified the traditional Small Baseline
Subset (SBAS) method to incorporate the coherence into the inverse problem,
hereafter we call it coherence-based SBAS method. Instead of excluding
decorrelated pixels present in the interferograms, we keep all the pixels in the
time series analysis and down-weighted the decorrelated pixels with coherence.
We performed the coherence-based SBAS method to both the two SAR datasets
to obtain the subsidence rate maps and displacement time-series over the mining
areas, and compared the results with that from the traditional stacking InSAR
method. We evaluated the effectiveness of L-band and C-band DInSAR for
monitoring mining subsidence by comparing differential interferograms and
displacements derived from SBAS method between ALOS-2 and Sentinel-1A
data. Compared to C-band, L-band SAR are less affected by phase aliasing due
to large displacement gradients. The most significant subsidence was found at
Maliantai mine with —264 mm/year detected by SBAS method from Sentinel-1
data. We validated the InSAR displacement accuracy by comparing both ALOS-2
and Sentinel-1 results with 18 GPS stations above five active mining regions. The
average RMSE between INSAR and GPS measurements is 28.4 mm for Sentinel-1
data and 21 mm for ALOS-2 data. Our results demonstrate that the combined
exploitation of L-band and C-band SAR data through both conventional and
advanced DINnSAR methods could be crucial to monitor ground subsidence in
mining areas, which provides insights into subsidence dynamics and determine
the characteristic surface response to longwall advance.
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1 Introduction

Land subsidence is one of the most important hazards
associated with underground coal mining activities. Surface
deformation due to excavation or destruction of mining
operations may cause serious damages to urban structures and
infrastructures within the mining area. The impacts of surface
displacement depend on several factors including the type and
size of the mine, the type and size of the structure, and the
magnitude of displacement itself. Surface displacement is an
indicator of cave development and stress redistribution, and
short-period, high-resolution monitoring has the potential to
gain insight into displacement dynamics and determine the
characteristic surface response to underground mining
activities (Wempen, 2020). The northwestern China is rich in
coal resources and has good mining conditions, coal production
has been transferred to the western region of China (Cai et al,,
2022). Longwall mining is a particularly important method of
coal production in the western China because coal reserves are
deep. When ground subsidence is planned as part of a longwall
mining development, a subsidence control plan is required. As a
caving method, longwall mining can be used in deep mines with
high recovery efficiency. Monitoring the spatial distribution and
temporal evolution of land subsidence is critical for mining
design, therefore mining activity is implemented to ensure
subsidence occurs under predictable and control.

Mining subsidence was traditionally monitored using
geodetic methods, including leveling and Global Positioning
System (GPS), and occasionally differential analysis using
Digital Elevation Model (DEM) derived from Light Detection
and Ranging (LiDAR) (Zhu et al., 2020; Liu et al., 2022). Space-
borne Differential Synthetic Aperture Radar Interferometry
(DInSAR) has been effective to monitor ground surface
displacement with the advantages of high accuracy, wide
coverage, and independence of weather. Over the mining
areas, this technique has proven to be particularly useful to
monitor mining subsidence (Wegmuller et al., 2000; Przylucka
et al., 2015; Ilieva et al., 2019). However, the traditional DInSAR
technique based on a single image pair is vulnerable to
decorrelated effects and atmospheric delays. InSAR time series
analysis methods have been proposed to exploit the redundancy
in InSAR multitemporal stacks to mitigate noise and nuisance
signals such as atmospheric effects, residual topography, and
decorrelation. While many InSAR time series analysis methods
have been developed in the last 2 decades, most of them share
similar characteristics which can be categorized into two types of
technique (Ferretti et al., 2001; Berardino et al., 2002; Hooper
et al., 2007): Persistent Scatterer Interferometry (PSI) and Small
Baseline Subset (SBAS).

Subsidence observation to comply with mining regulations is
one of the reasons for monitoring subsidence. However, the
presence of fast subsidence prevents the InSAR from a robust
unwrapping of the interferogram due to phase aliasing and
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temporal decorrelated effects. A combination of conventional
and advanced DInSAR has been proposed to monitor fast
evolving mining subsidence Bytom City, Poland
(Przylucka et al,, 2015). By comparison of L-band and X-band
interferograms over mining areas in central Utah, it is found that

over

L-band data are less affected by phase aliasing effects due to large
displacement gradients and by temporal decorrelation due to
changes in the surface conditions over time (Wempen and
McCarter, 2017). With a short revisit time of 6 days from
Sentinel-1 constellation and a prediction model based on the
Knothe-Budryk theory, it is possible to track the mining
deformation life cycle (Ilieva et al,, 2019). A model-assisted
phase unwrapping approach was proposed to tackle the phase
aliasing problem for the cases when the subsidence gradient
of DInSAR
technique (Dai et al., 2021). Recently, a deep convolutional

exceeds the maximum measurable gradient
neural network has been proposed to detect and map
rapid wrapped
interferograms, and a phase unwrapping network is designed

localized, mining  subsidence  from
to unwrap the cropped interferogram patches centered on the
detected subsiding locations (Wu et al., 2022).

In this paper, we analyzed 15L-band SAR images from
ALOS-2 satellite and 102 C-band images from Sentinel-1A
satellite spanning between November 2014 and July 2019 to
investigate land subsidence over a large coal mining area in
Ningdong coal base, northwestern China. In order to suppress
noise from decorrelated pixels, we modified the traditional Small
Baseline Subset (SBAS) method to incorporate the coherence into
the inverse problem (we call it coherence-based SBAS method).
The signals in the decorrelated pixels over the mining region are
down-weighted in the SBAS analysis by using the coherence as
weighting matrix. The stacking and coherence-based SBAS
InSAR time series analysis methods were applied to analyze
the two SAR datasets to obtain the subsidence rate maps and
displacement time-series over the mining areas. We evaluated the
capability of L-band and C-band SAR data in extracting rapid
mining subsidence by comparing the interferograms and
validated the InSAR
displacement time-series by comparing both ALOS-2 and

displacement time series. We

Sentinel-1 results with 18 continuous GPS stations above five
active mining regions in this coal base. Our results provide
into subsidence and determine the

insights dynamics

characteristic surface response to longwall advance and

support the hazard mitigation in the coal base.

2 Methodology
2.1 Conventional DInSAR processing

InSAR exploits the phase difference between two SAR images
taken from slightly different sensor positions and extracts

information about the earth’s surface. The computed
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(A) Location of the Ningdong Energy and Chemical Industry Base (NECIB), as outlined by the red polygon. The ten mining concessions located in the
region are outlined by black polygons and numbered from 1 to 10 in the figure. The names of the corresponding mining concession are marked in the
legend. The green rectangle indicates the coverage of the ALOS-2 image and the blue rectangle indicates the processing region of the Sentinel-1 image.
(B) The 30-m resolution land cover in the study area, which is obtained from GlobelLand30 (Chen et al,, 2014). (C—E) The mining induced ground

fissures in the NECIB (F) One of the continuous GPS stations in the NECIB.

interferogram contains phase variation AJ;, from several
contributing factors (Hanssen, 2001), most importantly the
flat-earth phase A@fiy, the topographic phase ADppu,
atmospheric conditions AQ,,, and other noise AJ,, and
lastly the eventual surface displacement A@g, which
occurred between the two image acquisition dates. Thus, the

phase components of an interferogram can be written as:

A@mt = AQDEM + Agﬂat + Agdisp + Agatm + Agn (1)

DInSAR attempts to remove the topographic phase ADpgm
from the measured interferogram AQ;,, with the goal of isolating
A aisp and facilitating precise surface displacement mapping.
Removing the topographic phase contribution can be achieved by
using an external Digital Elevation Model (DEM). The surface
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displacement AR;sp in radar line-of-sight (LOS) direction can be
obtained after removing the phase components of atmospheric
effects AQ,m and phase noise AQ,,.

A
ARdisp = _EAgdisp (2)

Longer wavelengths tend to have some penetration of
vegetation, dry soils, and ice; phase measurements from longer
wavelengths tend to be less sensitive to small changes in the
surface conditions over time. Additionally, the maximum
by DInSAR depend
significantly on the radar band and on the ground resolution

deformation ~ gradients measurable

(pixel size) of the image (Wempen and McCarter, 2017). Longer
wavelengths are less sensitive to deformation per pixel than shorter
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TABLE 1 Production capacity, mining method, and technique of the main coal mines in NECIB [adapted from (Cai et al., 2022)].

No. Coal mines Brief introduction of coal mining method and technology

Production capacity

(10°ta™)
1 Renjiazhuang 360 Adopting the strike longwall comprehensive mechanized fully mechanized mining method and fully-caving
management of the roof

2 Hongshiwan 60 Adopting the strike longwall comprehensive mechanized mining method, fully mechanized full seam one
passing mining technology, and fully-caving management of the roof

3 Maliantai 360 Adopting the strike longwall retreating mining method, fully mechanized full seam one passing mining

technology, and fully-caving management of the roof
4 Qingshuiying 500 Adopting the strike longwall comprehensive mechanized fully mechanized mining method and fully-caving
management of the roof
5 Lingxin 320 Adopting the strike longwall retreating mining method, comprehensive mechanized coal mining
technology, and fully-caving management of the roof

6 Yangchangwan 1,200 Adopting the strike longwall comprehensive mechanized mining method, fully mechanized full seam one
passing mining technology, and fully-caving management of the roof

7 Meihuajing 1,200 Adopting the strike longwall comprehensive mechanized mining method, fully mechanized full seam one
passing mining technology, and fully-caving management of the roof

8 Zaoquan 800 Adopting the strike longwall comprehensive mechanized fully mechanized mining/caving mining method

and fully-caving management of the roof

9 Jinfeng 400 Adopting the strike longwall comprehensive mechanized mining method, fully mechanized full seam one
passing mining technology, and fully-caving management of the roof.

10 Shigouyi 90 -

TABLE 2 Parameters of SAR data used in this study.

Satellite ALOS-2 Sentinel-1

Wavelength

L band (24.245 cm)

C band (5.546 cm)

Resolution (range x azimuth)

Swath width

9.1 m x 53 m

70 km

27-35m x 22 m

250 km

Flight direction

Time span

Ascending

29/11/2014-6/7/2019

Ascending

03/12/2014-10/7/2019

Number of scenes

Small baseline thresholds (spatial x temporal)

15

200 m x 300 days

102

150 m x 50 days

Number of formed interferograms

wavelengths, and larger deformation gradients are measurable in
higher resolution data.

Besides the interferometric phase, the coherence between the
reference and the repeat image is estimated as an indicator for the
quality of the phase information. Basically, it shows if the images
have strong similarities and are therefore wusable for
interferometric processing. Coherence can be computed as
(Hanssen, 2001):

N
y= ﬁZile'S*
LyIM-MLyY s s
NZ:‘:I NZH

©)

where M, S are the complex value of a pixel in the reference and
repeat images and N stands for the size of a window used for
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coherence estimation. Loss of coherence can produce poor
interferometric results and is caused by temporal (over vegetation
and water bodies), geometric (errors or inaccuracies in the orbit
metadata) and volumetric decorrelation (potential scattering
mechanisms of voluminous structures, such as complex
vegetation or dry surfaces). The accuracy of DInSAR can be
limited by phase decorrelation. Low coherence indicates an
increase in the noise level of InSAR phase measurements, and
InSAR analysis methods typically use a coherence threshold to
mask out noisy pixels. In addition, large displacement gradients
can cause phase aliasing. When the phases are saturated, the absolute
deformation cannot be directly measured using conventional
DInSAR technique. To limit the effect of phase decorrelation and
phase aliasing effects, data were paired over the shortest possible
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Spatial and temporal baselines for Sentinel-1 (A) and ALOS-2 data (B). The red triangles indicate acquisition dates, and the lines represent
interferometric pairs. A total number of 211 interferograms were generated from Sentinel-1 data and 25 interferograms were formed from ALOS-2 data.

periods, and the data were accumulated, additively, to estimate the
subsidence over longer periods.

2.2 InSAR stacking method

To minimize the impact of atmospheric phase disturbances and
unwrapping errors, a series of images can be analyzed to get a more
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reliable result. This is the stacking method which was originally
proposed by Sandwell and Price (1998). By averaging displacements
of several dates, the impact of atmospheric disturbances and
unwrapping errors is reduced, and the actual displacement
patterns become more evident. This assumes that deformation
trend is linear between the first and the last image pair, and the
phase noises are random in time. However, the assumption of linear
deformation behavior might not be true in the mining region,
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TABLE 3 Available continuous GPS stations in the study.

Number of monitoring stations Site name Longitude Latitude Time span
Renjiazhuang 4 RJZ-1 106.470 38.185 7/2/2015-27/5/2020
RJZ-2 106.476 38.180 7/2/2015-27/5/2020
RJZ-3 106.475 38.188 7/2/2015-27/5/2020
RJZ-4 106.479 38.185 7/2/2015-27/5/2020
Maliantai 3 MLT-1 106.565 38.230 25/5/2017-27/5/2020
MLT-2 106.563 38.257 8/3/2018-28/5/2020
MLT-3 106.562 38.253 8/9/2017-28/5/2020
Lingxin 3 LX-1 106.639 38.050 2/6/2015-27/5/2020
LX-2 106.637 38.047 24/5/2015-27/5/2020
LX-3 106.636 38.044 14/6/2015-21/2/2020
Yangchangwan 4 YCW-1 106.643 37.979 12/8/2015-27/5/2020
YCW-2 106.644 37.977 11/10/2015-27/5/2020
YCW-3 106.645 37.975 13/11/2015-27/5/2020
YCW-4 106.641 37.973 29/4/2015-5/1/2020
Meihuajing 4 MH]J-1 106.695 38.017 13/6/2015-27/5/2020
MHJ-2 106.692 38.007 27/2/2016-27/5/2020
MH]J-3 106.688 37.999 11/9/2015-6/1/2019
MH]J-4 106.685 37.994 3/8/2015-27/5/2020

especially over the mines under active excavation. The LOS
displacement rate Vg, can be averaged by a stack of
interferograms as,

A YN AD; - AT;

— 4
4m ZZlATiZ @

Vdisp =
where A@; is the differential phase of the ith interferogram. AT is
the corresponding time span of the interferometric pair, which is
used for the weight computation during the averaging. The standard
deviation of the LOS displacement rate can be computed as (Zhang
et al.,, 2021),

. 2
1IN (AT (35 Vaw)')

stdy = \—-
N SV AT

2.3 Coherence-based SBAS method

The SBAS algorithm is originally proposed by Berardino et al.
(2002), which is based on an appropriate combination of
interferometric pairs characterized by small spatial and
temporal baselines in order to limit the decorrelation effect.
The traditional SBAS method
vegetated surfaces due to the loss of coherence; pixels with

is still less effective over

low coherence are typically excluded from the analysis, leading
to the reduced spatial coverage of the final InSAR displacement

Frontiers in Earth Science

map. In addition, in areas with significant gradient deformation
out of the detection threshold of InSAR technique, such as over
the active mining areas, the maximum mining subsidence can be
up to several meters; the traditional InSAR time series methods
commonly underestimate the magnitude of the large
displacement field. Several variants have been developed to
improve the performance of SBAS method in extracting
surface displacements. One of these variants is using the
metrics of phase quality (phase coherence) as a weight of the
phase observations in the SBAS analysis (Schmidt and
Biirgmann, 2003; Tong and Schmidt, 2016), which we refer to
coherence-based SBAS method in our study.

Instead of omitting partly decorrelated pixels in the
interferogram, all pixels are kept in the SBAS inverse problem
and the phase observations were weighted based on the
coherence for each pixel in each differential interferogram. The
decorrelated pixels will be down-weighted in the time-series analysis
due to their low coherence information. This coherence-based SBAS
method is less sensitive to the noise in the input phase data, and it
produces a spatially coherent signals with dense coverage. The
weighted least squares inversion for each InSAR pixel is (Tong
and Schmidt, 2016):

1 1 0 ...BB[m d
0 1 1 ... BB, || m, d,
p/At —p/At 0o ... 0 m, 0
0 p/At, —p/At, ... 0 JLAh 0
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FIGURE 3

Average LOS subsidence rates derived by InSAR stacking method from Sentinel-1 (A) and ALOS-2 (B) images. The ten mining concessions in the
NECIB region are outlined by black polygons and numbered from 1 to 10 in the figure.

where W is the weighting matrix and W = diag{y,, v,>y3» - ¥,.}
with y; the coherence of the ith interferogram (see Eq. 3). m; is
the incremental displacement for each SAR epoch, d; is the LOS
phase of the ith interferogram, B; is the perpendicular baseline of
the ith interferogram, Ah is the DEM error, p is the smoothing
factor to penalize the unrealistically outliers in the data. 8 is the
scale factor determined by radar wavelength and the incidence
angle of the radar signal and the distance from the radar sensor
to the ground. The kernel matrix has a size of [n x s + 1], where n
is the number of differential interferograms and s is the number
of temporal incremental. The atmospheric correction is done in
combination with the SBAS time series estimation using an the
common-point-stacking method as described in (Tymofyeyeva
and Fialko, 2015; Tang et al., 2022). After that, this method
solves the inverse problem in Eq. 6 on a pixel-by-pixel basis to
retrieve the time series of cumulative displacement as:

M@y =) m )

The average displacement rates are finally calculated by a linear
regression to the InSAR-retrieved displacement time series.
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3 Study area and data
3.1 Description of the study area

Ningdong Energy and Chemical Industry Base (NECIB) is one
of the largest coal mining areas in China. It is located in Ningxia Hui
Autonomous Region, northwestern China, which covers an area of
3,484 km® (Figure 1A). The Ningdong coal base is located in the
NECIB, which is one of the largest coal-producing bases in China.
This coal base has a coal reserve of 38.6 billion tons, accounting for
84% of the total amount across Ningxia province. With the
exploitation of coal resources, the surface deformation due to
underground coal extraction has caused damages to the mine
facilities and surrounding infrastructures and buildings (Wang
et al,, 2018; Wang et al,, 2021). By 2019, it has been documented
that the affected area of mining subsidence in NECIB was up to
22.102 km* and 191 ground fissures were formed (see some fissures
in Figure 1) (Wang et al, 2018). At the same time, mining
subsidence has destroyed the natural state of the land, caused
water and soil loss, land desertification, and threatened the entire
ecological environment in this region. The land cover over this
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FIGURE 4

Zoomed-in view of the average LOS subsidence rates derived by

the stacking INSAR method over the active mining areas. The contours
of subsidence rate are superimposed on the map. Note that the
contour interval varies for each velocity map. Qingshuiying and
Jinfeng mines are not mapped in this figure because no significant
displacement patterns were found in these two mines. The first
column is velocity derived from Sentinel-1, the second column is
velocity from ALOS-2, the third column is the histogram of the
Sentinel-1 velocity, and the fourth column is the histogram of the
ALOS-2 velocity. The ALOS-2 images do not cover Renjiazhuang,
Hongshiwan, and Maliantai. The maximum subsidence rates are
indicated in the third and fourth column.

region is shown in Figure 1B. The primary land use is covered by
grass, which accounts for 62.3% of the territory inside the NECIB,
and the second is cropland, accounting for 20.3%.

The coal mining activities in this region mainly includes
10  coalfields: Renjiazhuang, Hongshiwan, Maliantai,
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Qingshuiying, Lingxin, Yangchangwan, Meihuajing, Zaoquan,
Jinfeng and Shigouyi, as shown in Figure 1. Mining activities
started in 2003 and operated till now. Most of the coal mines
have adopted the comprehensive mechanized coal mining
method with the longwall mining technique, and the caving
method is used to manage the roof. A few coal mines adopt the
room and pillar mining method. However, it should be noted
that some coal mines adopt two or more coal mining methods
simultaneously. The production capacity, mining method, and
technique of main coal mines in the NECIB are listed in Table 1.

Over longer periods (years), the characteristics of subsidence
including the angle of draw, displacement, maximum subsidence
relative to seam height, depend on both the mining and geological
conditions. The mining method, the width of the mined area, the
reserve recovery, the rate of mine development, the topography, and
the strata thickness, depth, and dip are significant parameters that
affect the magnitude, extent, and duration of subsidence. Regional
hydrology, geologic structures, and the geotechnical properties of
the strata also affect subsidence.

3.2 SAR data and interferograms generation

We selected SAR images from ALOS-2 and Sentinel-1
satellites for mining subsidence monitoring. Parameters of
SAR data used in this study are listed in Table 2. The
coverage of the SAR images can be seen in Figure 1. ALOS-2
satellite works in L band with a wavelength of 24.2 cm, which is
conducive to maintaining the interferometric coherence and
extracting the large surface deformation in the mining area.
We obtained 15 archived acquisitions from ALOS-2 satellite,
spanning the period from 29 November 2014 to 6 July 2019. The
maximum theoretical detectable displacement between two
fringes is 12.1 cm every 10 m (i.e., pixel resolution) for ALOS-
2 image. SAR images from Sentinel-1 mission were acquired in C
band with a wavelength of 5.6 cm, which is more vulnerable to the
decorrelation than L-band data and is more likely to cause phase
aliasing due to the rapid surface deformation. The maximum
theoretical detectable displacement between two fringes is only
2.8 cm every 30 m for the Sentinel-1 image. However, Sentinel-1
data has a short sampling interval of only 12 days, and data
acquisitions are regularly sampled and uniformly distributed in
time, which improves the performance of the retrieval of fast
deformation over mining areas. A total number of 102 images
from Sentinel-1 was used in this study spanning the period from
03 December 2014 to 10 July 2019, which is many more images
than that of ALOS-2. These two independent SAR datasets were
both acquired in ascending orbit and in similar time spanning
which makes it possible to directly compare results between the
two SAR datasets.

For the coherence-based SBAS processing, we formed
211 interferograms from Sentinel-1 scenes, with a 50-day
temporal baseline threshold and a 150-m perpendicular baseline
threshold (Figure 2A). The pairs 20141109-20150603 and
20141203-20150520 were manually connected to avoid an
isolated cluster in the interferogram combination due to the
large time gap between the first two SAR acquisitions
(20141109 and 20141203) and the subsequent acquisitions.
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FIGURE 5
Averaged LOS subsidence rates derived by the coherence-based SBAS method from Sentinel-1 (A) and ALOS-2 (B) images.

TABLE 4 Maximum subsidence rates and maximum cumulated subsidence from ALOS-2 and Sentinel-1 data over the ten mines in NECIB from stacking and SBAS
methods.

Max. Subsidence rate (mm/year) Max. Cumulated subsidence (mm)

Sentinel-1 ALOS-2 Sentinel-1 ALOS-2

Stacking SBAS Stacking SBAS Stacking SBAS Stacking SBAS

1 Renjiazhuang -96 —-138 - - —448 —498 - -

2 Hongshiwan —48 -80 - - -223 -310 - -

3 Maliantai -162 —264 - - -755 -960 - -

4 Qingshuiying —61 =78 =25 —46 —284 =313 -115 -216
5 Lingxin -101 -161 —-158 -136 —471 —553 -726 -598
6 Yangchangwan =90 —-131 -103 -98 —419 477 —473 —413
7 Meihuajing -124 —-131 -134 -116 —-578 —484 -616 -506
8 Zaoquan -103 =120 —-88 -105 —480 —448 —404 =521
9 Jinfeng -33 -53 —54 =55 -153 -205 248 -250
10 Shigouyi —54 =90 =52 =79 =251 -260 =239 —-349
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FIGURE 6

Zoomed-in view of the average LOS subsidence rates derived
by the coherence-based SBAS method over the active mining
areas.

C-band data from Sentinel-1 satellite are strongly decorrelated by
vegetation or the fast-mining subsidence over this region. The
short 50-day temporal baseline threshold was set to mitigate this
effect. For the ALOS-2 data with a longer radar wavelength, we set
larger thresholds for the spatial (200 m) and temporal (300 days)
baselines, and 25 interferograms were constructed (Figure 2B). We
also discarded interferograms with strong decorrelation by visual
inspection.

All the interferograms were produced using the open source
InSAR software GMTSAR (Xu et al., 2017). The software is built
on a Generic Mapping Tools (GMT) foundation (Wessel et al.,
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2019). The ALOS-2 data are acquired in the traditional strip-map
mode and the image coregistration was implemented based on
the standard image cross-correlation method, which achieves
sufficient accuracy for the interferometric processing (~1/
10 pixel). While for the Sentinel-1 data, which are the
Interferometric Wide Swath (~250 km) product acquired using
the Terrain Observation with Progressive Scans SAR (TOPSAR)
mode, the image alignment was implemented with the enhanced
spectral diversity (ESD) to achieve the acceptable azimuth
registration accuracy (better than 1/200 pixel) (Xu et al,
2017). The topographic phase components were removed
using an existing DEM with 30 m spatial resolution from
SRTM (Shuttle Radar Topography Mission) (Farr et al., 2007).
For the spatial filter, we used a Gaussian filter with a 0.5 gain at a
wavelength of 200 m in azimuth and ground range and the
decimation factors were set to 8 in range and 2 in azimuth
direction. This produces displacement results in geographic
coordinate with a grid spacing of ~50 m. Phase unwrapping is
performed by the software SNAPHU (Statistical-Cost, Network-
Flow Algorithm for Phase Unwrapping) software (Chen and
Zebker, 2001).

3.3 Continuous GPS data

In order to monitor the surface movement caused by coal
mining, a local surveying institute has deployed high-precision
real-time continuous GPS stations in some coal mines in the
NECIB (Wang et al., 2018; Wang et al., 2021). At each mine, an
independent GPS network was established with a reference
station installing on stable ground away from the active
mining surface and several monitoring stations installing
above the surface of the working panel. In this study, we have
access to a total of 18 GPS monitoring stations located in five
mining areas, including Renjiazhuang, Maliantai, Lingxin,
Yangchangwan and Meihuajing mines (Table 3). Four GPS
monitoring stations are available for each mine in
Renjiazhuang, Yangchangwan and Meihuajing and three
stations are available for each mine in Maliantai and Lingxin.
A GPS site photo can be found in Figure 1F. GPS measurements
are in three dimensions: East-West (EW), North-South (NS), and
Up-Down (UD), often called ENU displacements with respect to
a specific reference frame or a few reference points. The GPS
antenna’s sampling frequency in time is 1h. The hourly
displacement time series were resampled to a daily sampling
interval and were smoothed with a 7-day moving box. The GPS
three-dimensional NEU displacement were projected into InSAR
LOS direction to validate the accuracy of InSAR-derived

displacements in Section 5.3.

4 Results and analysis
4.1 Stacking displacement velocity maps
We applied the stacking InSAR method to the unwrapped

differential interferograms formed in Section 3.2 (Figure 2) and
the averaged LOS displacement rates is obtained using Eq. 4, as
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The spatial and temporal pattern of ground subsidence over Maliantai mine in NECIB, derived by the coherence-SBAS method from Sentinel-1 data.
The subsidence maps are shown at intervals of about 6 months. Three subsidence bowls were formed in this mining concession region. The horizontal
black lines on 20190710 (M-M1/, M2-M2" and M3-M3') represent the locations of the profiles across the three subsidence bowls, which are shown in
Figure 8. The white points (MP1-MP3) on 20190710 marks the location of the displacement time-series shown in Figure 8. These points are located
on each profile with the maximum cumulative subsidence. The subsidence contours are superimposed on each map. All the displacements are

referenced to the first acquisition date (20141203) of Sentinel-1 data.

shown in Figure 3. In the results, pixels with temporally averaged
coherence values smaller than 0.25 were masked out. The
observation of the retrieved results for the two SAR datasets
(Figures 3A, B) reveals almost the same spatial distribution and
magnitude of the estimated subsidence. Except the Qingshuiying
and Jinfeng mines, significant subsidence over these mining areas
can be clearly identified in the velocity maps, suggesting a clear
relationship between the mining activities and the measured
deformation. The zoomed-in view of the averaged LOS
subsidence rates from both Sentinel-1 and ALOS-2 datasets and
velocity distribution histograms in these active mining areas are
shown in Figure 4. The most significant subsidence was identified in
Maliantai mine, with a maximum subsidence rate up to 162 mm/
year in the LOS direction, which is related to the ongoing mining
activities. The least significant subsidence occurred in the mines of
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Hongshiwan and Shigouyi, with a maximum rate of only
~50 mm/year, which was probably associated with the residual
mining subsidence after mine closure. However, we also found
several subsidence features outside of the boundary of the ten
mining concessions, such as in the south of Yangchangwan and
Meihuajing mines. This might be due to mining activities
belonging to another mining concessions which are not
included in our study. From Figure 4, we can see that the
spatial pattern of the mining subsidence and the distribution
of subsidence rates (see histograms in Figure 4) are similar for the
results from Sentinel-1 and ALOS-2. Theoretically, the ALOS-2
data with a longer radar wavelength in L band can detect a larger
mining subsidence rate than that of Sentinel-1 data, which can be
manifested the observations
Yangchangwan and Meihuajing (see Figure 4).

in in mines of Lingxin,
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cumulated subsidence resides along each profile (see the point locations in Figure 7), and the displacement time-series of each point is shown in the right

panel.

4.2 SBAS displacement velocity maps

The unwrapped differential interferograms formed in
Section 3.2 were also analyzed with the coherence-based
SBAS method and the resulting LOS subsidence rate maps are
shown in Figure 5. The coherence map of each interferogram
were used as the weighting matrix in the computation (see Eq.
6). Generally, the SBAS results in Figure 5 are very similar to the
average LOS subsidence rates obtained by the stacking method
in Figure 3. We also plotted the zoomed-in view of the average
LOS subsidence rates derived from SBAS method and their
velocity distribution histograms in the active mining areas, as
shown in Figure 6. The maximum subsidence rates and
cumulated subsidence over all the ten mines in the NECIB
were listed in Table 4. Comparing the results of Sentinel-1
and ALOS-2 data in Figure 6, we found that the Sentinel-1
data detected higher subsidence rates than the ALOS-2 data. We
believed that the maximum detectable displacement can be
improved by the short revisiting time (12 days) and regularly
temporal sampling acquisitions of the Sentinel-1 data. In
contrast to Sentinel-1 acquisitions, ALOS-2 images were

Frontiers in Earth Science

sparsely and irregularly acquired in time, leading to more
effects the
interferometric pairs with longer temporal baselines. When

severe phase aliasing and decorrelation in
comparing the displacement rates between stacking and SBAS
methods from the same SAR sensor (Figures 4, 6), we observed
that the rates derived from SBAS method are generally larger
than that derived from stacking method, especially for the
Sentinel-1 results. The largest discrepancy was found at the
active mining area of Maliantai that the maximum subsidence
rate derived by SBAS method is 264 mm/year from Sentinel-1
data (Figure 6) the largely
underestimated the subsidence with the maximum rate of

while stacking method
only 162 mm/year (Figure 4). This is because the stacking
method is assuming a linear behavior of the temporal
evolution of surface subsidence and simply averaging the
cumulative displacement to obtain the subsidence rates,
which does not hold for the mining-induced subsidence,
especially during the active the
coherence-based SBAS method, the estimates of surface
motion do not assume a linear model in the analysis.

mining period. For

However, we found that over all the ten mines, the SBAS-
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derived rates from ALOS-2 are not always larger than the
stacking-derived rates. This is again most likely due to the
sparse sampling and irregular distribution in time domain of
the ALOS-2 acquisition.

4.3 Spatial pattern and temporal evolution of
active mining subsidence

In contrast to the stacking InSAR method, which can only
retrieve the averaged displacement rate, the SBAS method can
obtain displacement time series at each SAR acquisition date. In
this section, we show the spatial distribution and temporal
evolution of the ground displacements over the active mine of
Maliantai in NECIB (Figure 7). Subsidence over the mine of
Maliantai shows the largest rate reaching 264 mm/year in the
LOS direction from Sentinel-1 data during the time period from
December 2014 to July 2019 (Figure 6), indicating an ongoing
active mining activities in this mine. The results of the SBAS
method help to better understand the kinematics of subsidence
over the mine (Figure 7). The results show that three separate
subsidence bowls were formed in this mining concession region,
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of which the southern subsidence bowl has the largest cumulated
subsidence up to 960 mm. The middle subsidence bowl also
shows a significant subsidence with a maximum cumulated
subsidence up to 785 mm. Due to the fast subsidence rates
with a large spatial gradient, significant loss of coherence can
be observed over these two mines, especially in the east side of the
subsidence center (missing coherent pixels). The subsidence bowl
in the north shows the mildest subsidence and the maximum
cumulated subsidence is 650 mm. More coherent pixels present
in this mining area because a better coherence remained.
Figure 8 provides the progression of subsidence over time
along profiles M1-M1', M2-M2' and M3-M3' across the three
subsidence bowls, from the 10 Sentinel-1 acquisition dates in
Figure 7. For a complete view of the subsidence bowl along these
profiles, the decorrelated areas where InSAR pixels are absent
were interpolated using an adjustable tension continuous
curvature spline (Smith and Wessel, 2012). The maximum
measured subsidence during the study period is —600 mm
along M-M1’, -687 mm along M-M2' and 900 mm along
M-M3'. Together with the displacement time series at points
MP1, MP2 and MP3 (the largest cumulated subsidence point on
each profile) in Figure 8, we can track the temporal evolution of
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the mining subsidence at each mine. Three distinct phases of the
surface subsidence induced by mining extraction can be clearly
identified on the displacement time series at the location of MP1.
The subsidence is slow during the initial phase of mining
exploitation from July 2015 to July 2017, with a subsidence
rate of =37 mm/year. The subsidence becomes linear over the
mining phase during August 2017-July 2018 and the subsidence
rate increases to —378 mm/year. Lastly, the subsidence rate
decreases through the residual phase with —55 mm/year from
August 2018 to the end of our study period (10 July 2019). The
residual subsidence can last for decades after the end of the
underneath exploitation, which is connected to the visco-plastic
responses of the overburden and the compaction of caved zones.
The amplitude of the late subsidence is related to the mined
thickness (Modeste et al., 2021). Over the middle subsidence
bowls, the subsidence rate at the locations of MP2 during the
initial phase between January 2016 and October 2017 is =52 mm/
year. During the mining phase between November 2017 to the
end of our study period, the subsidence rate increases
to —343 mm/year at point MP2. The initial phase of the
mining subsidence in the south is between July 2016 and
October 2017 and the subsidence rate is —~95 mm/year at point
MP3 during this period. The rate increases to —437 mm/year
during the mining phase from November 2017 to the end of our
study period. We did not see a decreasing subsidence rate at the
two locations MP2 and MP3 during our study period, indicating
that underground mining activities were ongoing in the mines.
However, we found a pattern of relative stable ground
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between April 2018 and July 2018 for both MP2 and MP3,
which might be due to a stoppage stage of coal mining in this
4-month period.

5 Discussion

5.1 Comparison of differential
interferograms between Sentinel-1 and
ALOS-2

To compare subsidence obtained from Sentinle-1 and
ALOS-2 dataset, we first show examples of differential
interferograms from the two SAR sensors in Figure 9. From
this comparison we also illustrate the effects of phase aliasing
due to fast subsidence and coherence loss over the active mining
areas, which is one of the limitations of the conventional
DInSAR technique. The reference and repeated images of the
ALOS-2 and Sentinel-1 interferometric pairs have the same
acquisition dates (reference acquisition is 20151128 and
repeated acquisition is 20170708), so the phase in the two
interferograms contains the same magnitude of displacement.
Very local circular shaped fringes induced by mining subsidence
were clearly identified in the ALOS-2 interferogram (Figure 9A).
The locations of these fringes correspond with the locations of
coal mining areas, indicating a clear relationship between the
mining activities and measured displacement. Most of mining-
induced fringes cannot be identified from the Sentinel-1
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in Figure 13.

interferogram (Figure 9C) because the C-band data is more
vulnerable to large gradient deformation. Coherence loss
9B-D) both the
interferograms due to the long-time interval (588 days)

(Figures can be observed for two
between the reference and the repeated acquisition. The
coherence loss increased over the active mining areas due to
the large gradient deformation, causing the surface scattering
characteristics change significantly between the two acquisition
dates. Obviously, the L-band ALOS-2 interferogram generally
remains Dbetter than the C-band Sentinel-1
interferogram. Significant atmospheric artifacts were also

found in the top left corner of Figure 9C which even

coherence

Frontiers in Earth Science

15

the
interferogram.

obfuscates deformation fringes in the Sentinel-1

We further show the enlargement of interferograms from
ALOS-2 and Sentinel-1 data over one of the active mining areas
in the NECIB (Figure 10). This mining area is located in the
Meihuajing coal mine. Phase fringes due to mining subsidence
can be identified by both L-band and C-band DInSAR
interferograms, but in the areas with the largest subsidence
magnitude, the fringes are difficult to interpret due to phase
decorrelation and phase aliasing effects. Therefore, precise
estimation of the maximum subsidence magnitude is not

attempted, but in many of the interferograms the subsidence
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magnitudes can be reasonably estimated. We can observe a clear
increasing number of fringes in the ALOS-2 data with the increase of
subsidence magnitude, even on the 20170708 interferogram with a
time separation of 588 days. However, the fringes became totally
blurred on the last Sentinel-1 interferogram. These phenomena
highlight a major limitation of the traditional DInSAR technique,
which is not suitable to precisely measure large deformation with
significant spatial gradients, because the phase aliasing effects
prevent reliable unwrapping. The overall phase quality is low; for
ALOS-2 data, the average coherence ranges from a high of 0.34 for

Frontiers in Earth Science

the first interferogram (224 days interval) to a low of 0.22 for the last
interferogram (588 days interval). For the C-band data of Sentinel-1,
although the time gaps between interferometric pairs are shorter
than the ALOS-2 data, the coherence loss is much more significant
than the L-band data of ALOS-2; the average coherence ranges from
a high of 0.23 for the first interferogram (only 24 days interval) to a
low of 0.09 for the last interferogram (588 days interval). Except
changes in the surface characteristics, very large deformation
gradients can cause coherence loss, which can be seen in the
mining subsidence center. The effectiveness of DInSAR for
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Progressively cumulated LOS displacement along profiles A-A" and B-B’ over Meihuajing mining area from Sentinel-1 and ALOS-2 data
(left panel). The LOS displacement time-series at point MP1 and MP2 (right panel). Refer to Figures 11, 12 for the locations of the profiles and

points.

quantifying displacement is dependent on the radar wavelength.
Generally, subsidence magnitudes are measurable in the ALOS-2
data with L radar band, the Sentinel-1 data with C radar band are
more affected by temporal decorrelation and phase aliasing effects,
and precisely measuring the subsidence magnitudes using C-band
data is more difficult.

5.2 Comparison of cumulated subsidence
between Sentinel-1 and ALOS-2

In this section, we compare the cumulated subsidence
between Sentinel-1 and ALOS-2 data derived by coherence-
based SBAS method to further demonstrate the InSAR
capability in resolving the large gradient deformation over the
active mining areas. In Figures 11, 12, we show the spatial and
temporal evolution of subsidence from Sentinel-1 and ALOS-2
data, respectively, over Meihuajing coal mine in the NECIB.
Longwall advance is from northeast to southwest. In the
figure, we only displayed the cumulated subsidence on the
14 acquisition dates from Sentinel-1 closest to ALOS-2
acquisition dates in order to compare their results. The
cumulated subsidence maps from ALOS-2 and Sentinel-1 data
were temporally referenced to a common acquisition date—the
first acquisition date on 29 November 2014.

Generally, from Figures 11, 12, we observed very similar spatial
extent and magnitude of the cumulated subsidence between Sentinel-
1 and ALOS-2 results, although the acquisition dates of the two
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datasets were not exactly the same. In Figure 13, we further show the
cumulated subsidence along two profiles (A-A’ and B-B’) on three
same acquisition dates (20151128, 20170708 and 20190511) for both
Sentinel-1 and ALOS-2 data. And the displacement time-series at two
points (MH1 and MH2) over this mine are also plotted in Figure 13.
Although the general displacement patterns were consistent along
the two profiles, discrepancies between the two SAR sensors can be
found, especially during active mining phases (on 20170708 and
20190511) with large spatial displacement gradients, where ALOS-2
could extract a larger magnitude of subsidence than Sentinel-1. From
the displacement time-series at MP1 and MP2 in Figure 13, we
observed that the subsidence evolution from Sentinel-1 is much
smoother than that of ALOS-2. We clearly observed two accelerating
patterns in the time series at both MH1 and MH2. From the ALOS-2
displacement time series at MHI, we identified the first accelerating
phase was between July 2016 and January 2017 and the second was
between July 2018 and November 2018, but Sentinel-1 results did not
show the accelerating pattern during the first phase. The subsidence
magnitude derived from Sentinel-1 is much smaller than that from
ALOS-2. It is probably due to the unreliable unwrapping on those
interferograms with large displacement gradient during the active
mining phase. At MH2, the first accelerating phase was between
January 2017 and August 2017 and the second accelerating phase was
between March 2019 and July 2019, both the two results can clearly
identify the two accelerating patterns. However, the subsidence
magnitude from ALOS-2 is slightly less than that of Sentinel-1.
From the displacement time-series plots, we can conclude that
the Sentinel-1 acquisition periods are shorter than ALOS-2
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MHJ-2, MHJ-3 and MHJ-4). No ALOS-2 data coverage over Renjiazhuang and Maliantai mines.

acquisition periods, the Sentinel-1 data provide a more timely
report of the subsidence development.

5.3 Comparison of subsidence between
InNSAR and GPS

In this section, we compare InSAR displacement time series
with that of GPS to validate the accuracy of InSAR-derived
subsidence. A total of 18 continuous GPS monitoring stations
located in five mining areas (Renjiazhuang, Maliantai, Lingxin,
Yangchangwan and Meihuajing mines) are available for the
comparison (Table 3). The locations of GPS stations are

Frontiers in Earth Science

superimposed on the subsidence rate maps, as shown in
Figure 14. The comparison of displacement time series
between these two techniques is shown in Figure 15. GPS can
only obtain displacement at sparse discrete points. To match the
InSAR pixels and the continuous GPS stations, we averaged
InSAR pixels within a circular area with a radius of 50 m
centered on the GPS station for the comparison. The 3D NEU
displacement resulting from GPS analysis were first projected
into the InSAR LOS direction as:

dy
dios = [ sinfsina —sin 6 cos « cosG][dE] (8)
dy
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where « is the heading angle of the SAR satellite (the satellite’s
orbit angle relative to true north), 6 is the incidence angle of the
radar wave.

In Figure 15, over the Renjiazhuang mine, a very good
agreement between the observations between InSAR and GPS
can be found at RJZ-1 station (Figure 15A) because the ground
at this location was stable during the InSAR time period. This area
had an abrupt subsidence in November 2019 as observed from the
GPS measurements. We observed a good agreement between the
observations between InSAR and GPS at RJZ-1, RJZ-2 and RJZ-4.
A good agreement between these two techniques was also found at
RJZ-2 station (Figure 15B) because the displacement is not
significant in terms of mining subsidence. However, we found
an abrupt change between November 2014 and May 2015 from
GPS observations at RJZ-3 and RJZ-4 stations (Figures 15C, D)
where InSAR measurements cannot capture such large
displacement gradient due to phase aliasing effects. These
phenomena can also be found at GPS

(Figures

stations over

Yangchangwan and Meihuajing mines 15K-R).
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Generally, good agreements between InSAR and GPS can be
observed if the displacements are continuous. We further show
the scatter plot between InSAR and GPS subsidence measurements
in Figure 16. For Sentinel-1 data, the average RMSE between
InSAR and GPS measurements is 28.4 mm, and for each mine
the RMSE is 24.1, 22.9, 15.3, 20.1, 59.5 mm over Renjiazhuang,
Maliantai, Lingxin, Yangchangwan, and Meihuajing mine,
respectively. For ALOS-2 data, the average RMSE between
InSAR and GPS measurements is 21 mm, and for each mine
the RMSE is 21.6, 15.8, 25.6 mm at Lingxin, Yangchangwan,
and Meihuajing mine, respectively. When comparing the
Sentinel-1 and ALOS-2 data over Lingxin mine (Figures
15H-]), a high consistency among Sentinel-1, ALOS-2 and GPS
measurements was observed because the stations located in areas
experiencing mild deformation. However, at YCW-3
(Figure 15M), MHJ-3 (Figure 15Q) and MHJ-4 (Figure 15R),
the ALOS-2 data are closer to the GPS measurements because
the significant deformation over these stations that ALOS-2 data
has a better performance at capturing rapid subsidence.
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FIGURE 16

The scatter plot between GNSS- and InSAR-derived subsidence.

6 Conclusion

Differential Synthetic Aperture Radar Interferometry has been
used to detect and monitor fast mining-induced subsidence over
Ningdong coal base area located in northwestern China. A total of
15 L-band SAR images from ALOS-2 satellite and 102 C-band
images from Sentinel-1 satellite spanning between November
2014 and July 2019 have been processed using both stacking and
SBAS time series analysis techniques. At a regional scale over a
3,484 km?* area of the coal base, InSAR-derived subsidence maps
have been compared with the boundary of ten mining concessions to
identify those mining areas generating significant subsidence and to
delimit the extent of the area affected by mining subsidence. At a
local scale in all the active coal mines, the spatial and temporal
evolution of subsidence were obtained to track the subsidence
dynamics and determine the characteristic surface response to
longwall advance. The most significant subsidence in the study
region was found at Maliantai mine with —264 mm/year detected
by SBAS method from Sentinel-1 data.

The effectiveness of DInSAR for estimating mining subsidence is
dependent on the radar wavelength. Compared to C-band, L-band
SAR are less affected by phase aliasing due to large deformation
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gradients and by temporal decorrelation due to changes in surface
scattering characteristics over time. With a shorter imaging period
(12 days), the Sentinel-1 data improve the capability in quantifying
the fast mining subsidence and provide a more timely report of the
subsidence extent.

We validated the InSAR displacement time-series by comparing
both ALOS-2 and Sentinel-1 results with 18 continuous GPS stations
above five active mining regions in this coal base. When comparing
the displacement time series between InSAR and GPS, we found that
InSAR time series method cannot capture the abrupt mining
subsidence with large displacement gradient due to phase aliasing
effects. The GPS measurements with a high sampling rate in time
can properly observe such abrupt change. We can combine these
two techniques to obtain the full three-dimensional, large
displacements due to mining activities in this coal base area.
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