7/ land

Article

App

licability Assessment of Multi-Source DEM-Assisted

InSAR Deformation Monitoring Considering Two
Topographical Features

Hui Liu 1"*, Bochen Zhou !, Zechao Bai >, Wenfei Zhao *{7, Mengyuan Zhu !, Ke Zheng !, Shiji Yang !

and Geshuang Li 4

check for
updates

Citation: Liu, H.; Zhou, B.; Bai, Z.;
Zhao, W.; Zhu, M.; Zheng, K.; Yang,
S.; Li, G. Applicability Assessment of
Multi-Source DEM-Assisted INSAR
Deformation Monitoring Considering
Two Topographical Features. Land
2023,12,1284. https://doi.org/
10.3390/1and 12071284

Academic Editor: Deodato Tapete

Received: 10 May 2023
Revised: 31 May 2023
Accepted: 19 June 2023
Published: 25 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Surveying and Geo-Informatics, North China University of Water Resources and Electric Power,
Zhengzhou 450046, China

School of Electrical and Control Engineering, North China University of Technology, Beijing 100144, China
3 Hebei Institute of Investigation & Design of Water Conservancy & Hydropower Co., Ltd.,

Tianjin 120103, China

Zhengzhou Communications Planning Survey & Design Institute, Zhengzhou 450003, China

*  Correspondence: liuhui_cehui@ncwu.edu.cn; Tel.: +86-185-3007-9962

Abstract: The high-precision digital elevation model (DEM) is of great significance for improving
the accuracy of INSAR deformation monitoring. In today’s free opening of multi-source DEM, there
is no consensus on how to select suitable DEMs to assist INSAR in deformation monitoring for
different landforms. This article introduces five types of DEMs: ALOS12.5, SRTM-1, ASTER V3,
AW3D30, and Copernicus 30, and uses SBAS-INSAR technology to analyze the applicability of
deformation monitoring in the Qinghai Tibet Plateau and Central China Plain regions. The coverage,
average value, standard deviation, and unwrapping efficiency of the phase unwrapping results, the
temporal deformation rate curves of six random deformation points in the key deformation area,
as well as the consistency with the second-level data and the comparative analysis of RMSE of all
deformation points, show that in the Qinghai Tibet Plateau region, Copernicus 30 is the best, followed
by ASTER V3, AW3D30, and SRTM-1 having low accuracy, and ALOS12.5 is the worst. In the Central
China Plain region, AW3D30 is the best, followed by Copernicus 30, SRTM-1, and ASTER V3 having
low accuracy, and ALOS12.5 is still the worst. Although ALOS12.5 has the highest resolution, it is not
recommended for deformation monitoring based on its worst performance in plateau and plain areas.
It is recommended to use Copernicus 30 in plateau areas and AW3D30 for deformation monitoring in
plain areas.

Keywords: deformation monitoring; different landforms multi-source DEM; SBAS-InSAR

1. Introduction

With the popularity of InNSAR technology, how to improve the accuracy of InSAR
deformation monitoring as much as possible has become the focus of INSAR research.
The introduction of external DEM can help to eliminate the influence of terrain and can
also assist phase unwrapping, thereby improving the accuracy of INSAR deformation
monitoring and better reflecting the information of surface deformation. Therefore, it is
crucial to evaluate their accuracy to understand their respective qualities, capabilities, and
limitations [1].

This article introduces five types of external DEM-assisted phase unwrapping to
remove the terrain phase and obtain more precise INSAR deformation monitoring results
in order to evaluate the applicability of each DEM in InSAR deformation monitoring.
External DEMs are necessary in INSAR monitoring, and several studies have shown that
the effectiveness of DEM-assisted InSAR varies across the same regions and monitoring
techniques [2]. Prior to 2018, DEM evaluations focused on SRTM-1 and ASTER V3 [3],
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which are key data sources for INSAR deformation monitoring, gravity field modeling, and
other studies [4-7]. Among them, SRTM-1 is widely used due to its global coverage and
high resolution. Its accuracy is easily affected by radar backscatter [8], and its accuracy is
reduced in complex terrain areas, especially in forest areas with poor elevation accuracy.
ASTER V3 is obtained through stereo image interpretation, and its accuracy is significantly
affected by clouds or surface buildings. However, it shows certain shortcomings in some
regions [9-11]. ALOS 12.5 has high spatial resolution and global coverage, and its accuracy
is influenced by various factors, such as terrain complexity and SAR data quality. Suitable
for low mountain, plain, and valley areas but not stable enough in complex terrain and
high mountain areas [12-14], AW3D30 has been widely used in fields such as geological
disaster monitoring, urban planning, and environmental protection, suitable for plains
and low mountain areas, but not for high mountain areas with complex terrain [15-17].
Copernicus 30 is suitable for geological and geomorphological conditions on a global scale
and allows accurate analysis of most elements. It is currently a relatively new type of
DEM [18-20]. Some scholars believe that there are two main methods for evaluating the
accuracy of DEM data. One is to compare it with high-precision elevation points [21-23],
the other is to compare it with high-precision DEM data [24], and some scholars compare it
through DEM standard deviation and mean values [25]. This article compares and studies
the internal values of each DEM and the results of auxiliary InNSAR deformation monitoring.
This is also the focus of the recently launched initiative called the Digital Elevation Model
Mutual Comparison Experiment, which aims to establish a global DEM benchmark [26].

With the continuous emergence of different free high-precision DEMs, InNSAR defor-
mation monitoring have more precise requirements on how to choose different DEMs for
different terrains. As far as we know, most of the papers explain the applicability of DEM
in this area based on the accuracy of DEM in a certain terrain. Few of them judge the
applicability of DEM by comparing the monitoring results of InNSAR deformation mon-
itoring with the measured data. In this study, five free DEMs were used to carry out a
complete INSAR deformation monitoring process under two completely different landform
conditions and, combined with the results of phase unwrapping in the InNSAR process and
the final deformation monitoring results, it was proved that each DEM was in two complete
Applicability to different types of landforms. It provides a better choice for InNSAR scholars
to use DEM to assist INSAR deformation monitoring.

2. Materials and Methods
2.1. DEM Data

In order to comprehensively analyze the influence of multi-source high-precision
DEMs on the deformation monitoring results of different geomorphic feature areas, five
DEMs, AW3D30, ALOS 12.5, Copernicus 30, ASTER V3 and SRTM-1, were selected to assist
InSAR monitoring (Table 1). The 15 images of Sentinel-1A data from 28 June 2021 to 23 June
2022 were selected in the Qinghai-Tibet Plateau region, and the 15 images of TerraSAR-X
data from 9 January 2021 to 10 April 2022 were selected in the Central China Plain region.

Table 1. Basic information of different DEMs.

DEM Horizor}tal Horizontal Vertical Datum
Resolution Datum
SRTM-1 1”(30 m) WGS84 EGM96
ASTER V3 1”(30 m) WGS84 EGM96
AW3D30 1”(30 m) GRS80 EGM96
ALOS 12.5 1”(12.5 m) WGS84 EGM96
Copernicus 30 17(30 m) WGS84-G1150 EGM20 08

SRTM-1, with a 30 m resolution, is measured cooperatively by NASA and NIMA, and
covers more than 80% of the planet’s land area. The elevation accuracy is =16 m, and the
horizontal accuracy is +20 m. ASTER V3 is jointly acquired by NASA and the Japanese
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Ministry of Economy and Industry new generation earth observation satellite TERRA with
an accuracy of 30 m, covering 99% of the global land surface. The elevation accuracy
is £19.9 m and the horizontal accuracy is £11.6 m. The Japan Aerospace Exploration
Agency offered the free-of-charge AW3D30 in 2015, which has 30 m resolution, £5.4 m
elevation accuracy and 410.7 m horizontal accuracy. ALOS 12.5 was produced from
SRTM-1 resampling with 12.5 m resolution. The ALOS 12.5 DEM used in this paper is
from the data collected on 20 January 2009 for the Central China Plain region, and the
data collected for the Qinghai-Tibet Plateau region on 17 September 2010. The elevation
accuracy and the horizontal accuracy are 20 m and +16 m, respectively. The most recent
ESA DEM, Copernicus 30, has global coverage and 30 m resolution, and 6 m horizontal
accuracy and £4 m elevation accuracy.

2.2. Study Area

The first research area is located at the junction of Qinghai Province and Tibet Au-
tonomous Region in the north of the Qinghai-Tibet Plateau, between 33°6' N~33°13' N,
91°47 E~91°56’ E. The scope overlaps with the administrative areas of the three counties
of Duotong Menglong, Kajiao Erlong, and Riezawa Maba, as shown in Figure 1. The
Golmud-Lhasa section of the Qinghai-Tibet Railway and the G109 National Highway pass
through this area. Due to its location in permafrost regions on the plateau, including
mountains, river valleys, alluvial fan and other landforms, influenced by seasonal tempera-
tures throughout the year, roadbed deformation can seriously affect the safe operation of
trains. Therefore, it is of great significance to use INSAR technology for large-scale safety
monitoring of Qinghai-Tibet Railway.

The second research area is located in the Central China Plain, between 34°11’ N to
34°16’ N, 113°3’ E to 113°39’ E, as shown in Figure 1. It is mainly located in the Changge
section of the Middle Route of the South to North Water Diversion Project in China,
including buildings, channels, bridges and other features with high coherence points. The
project is the “lifeline” for water supply in Beijing, Tianjin, Hebei and Henan. Ensuring its
safe operation is the primary task to promote social stability and coordinated economic
development in the north and south. The above two research areas represent the simple
and difficult terrain for INSAR deformation monitoring, and are of great significance in
practical applications. Therefore, the selection of these two areas is representative.

2.3. Methods

Considering that the first research area is located on the Qinghai-Tibet Plateau and
has complex landforms, in order to have more advantages in INSAR deformation mon-
itoring in mountainous areas, canyons, river valleys, and other complex landforms, we
adopted SBAS-InSAR technology [27]. This technology can effectively solve the problem
of time discontinuity caused by different spatial baseline lengths while processing spatial
decorrelation, weakening atmospheric effects, and reducing phase noise and errors [28,29].
The second area is located in the Central China Plain. Compared to PS InSAR technology
that usually requires more than 16 SAR images, SBAS-InNSAR only requires 5 SAR images.
At the same time, in order to control the differences in technical methods and affect the
judgment of DEM quality, it also uses SBAS-InSAR technology. Therefore, both study areas
in this article use SBAS-INSAR technology for INSAR deformation monitoring. In SBAS-
InSAR deformation monitoring, the presence of terrain fluctuations can affect the phase
information of SAR data, thereby interfering with the calculation of surface deformation
variables. Therefore, introducing external DEM in InNSAR deformation monitoring can
be used to correct surface deformation variables, eliminate terrain phase, and improve
monitoring results (Figure 2).
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Figure 1. Overview map of the research area.
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Figure 2. SBAS-InSAR flow chart.

3. Results
3.1. Experiment and Analysis of Multi-Source High-Precision DEM-Assisted Phase Unwrapping

For the Qinghai-Tibet Plateau region, the interferograms and phase unwrapping
results can be obtained with the assistance of five high-precision DEMs as shown in
Figure 3. Figure 3a—e and Figure 3f- present phase unwrapping results and interferograms
respectively. Visually, the ALOS 12.5 and SRTM-1 assisted phase unwrapping results have
significant errors in the region shown by the arrows. The former has a large area of striped
cracks in mountain areas; the latter has extensive unwrapping null values in the lower right
corner. AW3D30 assisted results still have partial null values in the downstream area of the
river valley. Copernicus 30 assisted results have the best visual effect, basically restoring
the direction of mountains, and increasing the details of the entire image, with only few
null values appearing in the area indicated by the arrow. And The results of ASTER V3
assisted have a few null values at the circles and abnormal values at the mountain indicated
by the ellipse.

Although ALOS 12.5 has the highest resolution, its processing results are the worst,
followed by SRTM-1, which is not recommended for use in the Qinghai Tibet Plateau region.
The results of AW3D30-, Copernicus 30-, and ASTER V3-assisted phase unwrapping were
relatively good. In terms of terrain reproduction capability, the Copernicus 30 is more
suitable for use in plateau areas.
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Figure 3. (a—e) are phase unwrapping diagrams based on five types of DEMs assisted InNSAR
deformation monitoring in the Qinghai-Tibet Plateau. (f-j) are interferograms based on five types of
DEMs assisted INSAR deformation monitoring in the Qinghai-Tibet Plateau.

To further quantitatively analyze the effect of multi-source high-precision DEM-
assisted phase unwrapping, Table 2 shows the results of unwrapping percentage, un-
wrapping mean value, unwrapping standard deviation and unwrapping efficiency of the
same interferometric pair assisted by five DEMs in the Qinghai-Tibet Plateau. The mean
value and standard deviation, as indicators of the overall accuracy of DEM elevation data,
can evaluate the average error of DEM data, help understand the overall degree of deviation
of DEM data, and thus evaluate whether the application in the study area is reasonable.
The phase unwrapping results can clearly determine the quality of deformation monitoring,
and the unwrapping percentage is the most obvious comparison method. The phase un-
wrapping INSAR deformation monitoring process is a time consuming and computationally
intensive process. Therefore, in post-earthquake disaster relief and emergency application
that require rapid response, improving the efficiency of phase unwrapping will give InNSAR
greater advantages. ALOS 12.5 and SRTM-1 have the lowest unwrapping percentage due
to the large area of empty values in their unwrapping diagrams. Copernicus 30 has the
highest unwrapping percentage, followed by ASTER V3 and AW3D30, consistent with
visual results. From the unwrapping mean value, the absolute value of Copernicus 30 is the
smallest, followed by ASTER V3 and AW3D30. SRTM-1 has a relatively high absolute value,
and ALOS 12.5 is the largest, which is more than seven times that of Copernicus 30. In terms
of the standard deviation of phase unwrapping, Copernicus 30 is still the smallest, followed
by ASTER V3. AW3D30 and SRTM-1 are similar, and ALOS 12.5 is still the largest, reaching
11 times that of Copernicus 30. In terms of unwrapping efficiency, Copernicus 30 takes the
longest time, followed by AW3D30, then ASTER V3 and SRTM-1, and ALOS 12.5 takes the
shortest time. From the four quantitative indicators, Copernicus 30 has performed well.
The results of Copernicus 30 assisted INSAR phase unwrapping are superior to the other
four DEMs. Therefore, in the Qinghai Tibet Plateau region, Copernicus 30 is recommended
as the preferred DEM, followed by ASTER V3. ALOS 12.5 is not recommended for use.

Figure 4 shows the results of five high-precision DEM assisted processing for the
Central China Plain region respectively. Figure 4a—e and Figure 4f—j present phase unwrap-
ping results and interferograms respectively. From the visual effect, the results of ALOS
12.5 assisted has significant errors in the area indicated by the arrow. The others have no
obvious error areas.

Table 3 also quantitatively analyzes the effects of multi-source high-precision DEM-
assisted interference and phase unwrapping. ALOS 12.5 has the lowest unwrapping
percentage due to the large area of empty values. AW3D30 has the highest unwrap-
ping percentage, and Copernicus 30, ASTER V3, and SRTM-1 have the same unwrap-
ping percentage. From the average unwrapping phase index, AW3D30 has the smallest
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absolute value, while ASTER V3 SRTM-1 and Copernicus 30 have similar absolute val-
ues. The absolute value of ALOS 12.5 results is the highest, reaching three times the
absolute value of AW3D30 results. From the perspective of unwrapping mean value,
AW3D30 has the smallest absolute value, while ASTER V3, SRTM-1, and Copernicus 30
are similar. The absolute value of ALOS 12.5 results is the highest, more than three times
the AW3D30 assisted results. From the perspective of unwrapping standard deviation,
AW3D30 < ASTER V3 < SRTM-1 < Copernicus 30 < ALOS 12.5. In terms of unwrapping
efficiency, AW3D30 takes the longest time, ASTER V3, SRTM-1, and Copernicus 30 take
similar times, and ALOS 12.5 takes the longest time. Based on the four indicators, it can
be concluded that the AW3D30-assisted INSAR phase unwrapping results are better than
the other four DEMs in the central China plateau region, but it is worth noting that its
unwrapping efficiency is relatively low.

Table 2. Table of fine phase unwrapping results in the plateau area.

DEM
Parameters X
AW3D30 ALOS 12.5 Copernicus 30 ASTER V3 SRTM-1
unwrapping percentage/ % 0.708 0.637 0.722 0.718 0.672
unwrapping mean value —6.081 —12.834 —1.834 —4.011 —4.772
unwrapping standard deviation 3.955 14.852 1.307 2.598 3.463
unwrapping efficiency /s 20.43 13.36 15.43 22.88 15.67

Figure 4. (a-e) are phase unwrapping diagrams based on five types of DEMs assisted InSAR
deformation monitoring in the Central China Plain. (f-j) are interferograms based on five types of
DEMs assisted INSAR deformation monitoring in the Central China Plain.

Table 3. Table of fine phase unwrapping results in Plain Area.

DEM
Parameters .
AW3D30 ALOS 12.5 Copernicus 30 ASTER V3 SRTM-1
unwrapping percentage/% 0.492 0.266 0.488 0.488 0.488
unwrapping mean value -0.777 —2.307 -0.917 —0.898 —0.900
unwrapping standard deviation 1.339 4.108 1.605 1.577 1.578

unwrapping efficiency /s 35.05 31.94 32.34 33.15 32.61
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3.2. Analysis and Evaluation of InSAR Deformation Monitoring Results
3.2.1. Analysis and Evaluation of Deformation Velocity Results in Key Areas of the Plateau

Figure 5 shows SBAS-INSAR deformation velocity diagrams of five high-precision
DEM assisted, optical images, and on-site photos in the key focus areas of the Qinghai-Tibet
Plateau. This area is located in frozen soil section and passes through G109 Expressway
and K1238+270-K1237+800 section of Qinghai-Tibet Railway. As can be easily seen from
Figure 5f-h, this section is located between two rivers, and There is a risk of landslides
along railway bridges. From the visual effect, all five results have experienced significant
large-scale deformation, almost spreading throughout the entire highway section and the
central area of the railway section, with little difference in the red settlement range.
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Figure 5. (a) deformation velocity diagram of AW3D30 key area, (b) deformation velocity diagram of
ALOS 12.5 key area, (c) deformation velocity diagram of Copernicus 30 key area, (d) deformation
velocity diagram of ASTER V3 key area (e) deformation velocity of SRTM-1 key area, and (f) satellite
diagram of key area. (g/h) are site photos of the key area.

To further quantify the trend and fluctuation of the deformation points, the time series
deformation curves of the six deformation points in the focus area are shown in Figure 6,
with progressive settlement, the maximum deformation of —17.5 mm, and the minimum
deformation of —12.5 mm. However, the ALOS 12.5 deformation curve at five of these
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six points has significant fluctuations, with a deviation of more than 5 mm from the other
four results, and the deformation amount is relatively small compared to other results. The
reason for this should be that the focus area is close to mountainous areas, while the phase
unwrapping results of ALOS 12.5 in mountainous areas are not ideal, leading to deviation
in the results. Therefore, in the flat areas of the Qinghai Tibet Plateau, we can obtain good
results using the other four types of DEMs to assist in deformation monitoring.
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Figure 6. Time series analysis of typical characteristic points in key regions of the Qinghai-Tibet
Plateau. (a) The deformation curves of the five results of point a. (b) The deformation curves of the
five results of point b. (c) The deformation curves of the five results of point c. (d) The deformation
curves of the five results of point d. (e) The deformation curves of the five results of point e. (f) The

deformation curves of the five results of point f.
3.2.2. Analysis and Evaluation of Deformation Velocity Results in Key Areas of the Central
China Plain

Figure 7 shows SBAS-InSAR deformation velocity diagrams of five high-precision
DEM assisted, optical images, and on-site photos in the key focus areas of the Central China
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Plain. This area is between the K344-K346 stakes in the Changge section of the Middle
Route of the South to North Water Diversion Project, with a maximum deformation of
—50 mm. As shown in Figure 7g,h, Large cracks have already appeared on the channel
slope. The results of ALOS 12.5 assisted do not show any deformation points near K344,
which cannot fully monitor the ground deformation of the channel. The other four types of
DEMs can effectively assist in completing INSAR deformation monitoring for the South to
North Water Diversion Project.
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Figure 7. (a) deformation velocity diagram of AW3D30 key area, (b) deformation velocity diagram of
ALOS 12.5 key area, (c) deformation velocity diagram of Copernicus 30 key area, (d) deformation
velocity diagram of ASTER V3 key area (e) deformation velocity of SRTM-1 key area, and (f) satellite
image of key area. (g,h) are site photos of the key area.

To further quantify the trends and fluctuations of deformation points in the key areas
of the Central China Plain, Figure 8 shows the comparison results with six time series
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deformation curves and the second-order leveling results curves in the key areas. Using the
second-order leveling results as the true values, except for ALOS 12.5, deformation results
of the other four DEMs assisted are all close to the second-order leveling results, with a
maximum deviation of no more than 5 mm. Moreover, the AW3D30-assisted results are
the closest. Therefore, ALOS 12.5 is also not suitable for the Central China Plain region,
and AW3D30-assisted deformation monitoring results have the highest accuracy, making it
more suitable for the Central China Plain region.
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Figure 8. Time series analysis of typical characteristic points in key regions of the Central China Plain.
(a) Deformation curves of five results for point EM541. (b) Deformation curves of five results for
point EM546. (c) Deformation curves of five results for point EM549. (d) Deformation curves of five
results for point EM558. (e) Deformation curves of five results for point EM562. (f) Deformation
curves of five results for point EM569.

To avoid unreliable conclusions caused by the randomness of the selected defor-
mation points, Figure 9 presents the root mean square error (RMSE) values of all defor-
mation points in the key areas assisted by five types of DEMs for two landforms. The
RMSE value is calculated based on the difference between the measured and simulated
shape variables of different pixels. The smaller the value, the more accurate the observed
value, and the black rectangle represents the average value of the data. In plateau areas,
ALOS 12.5 < SRTM-1 < AW3D30 < ASTER V3 < Copernicus 30. In plain areas, from the
perspective of accuracy, ALOS 12.5 < ASTER V3 < SRTM-1 < Copernicus 30 < AW3D30.
This further confirms that Copernicus 30 is more suitable for plateau areas, and AW3D30 is
more suitable for plain areas.
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Figure 9. (a) Root mean square error of deformation monitoring points in key areas of the plateau;
(b) Root mean square error of deformation monitoring points in key areas of the plain.

4. Discussion
4.1. Analysis of Results after Interference and Phase Unwrapping

The experimental results in the Qinghai-Tibet Plateau area show that the unwrapping
results of ALOS 12.5 have large areas of wrong values, especially in the mountainous part
of the interferogram and unwrapping images, there are large areas of stripes, and the
unwrapping percentage is the worst. The standard deviation that determines the accuracy
of the unwrapping result is the largest, and the absolute value of the average value of
the unwrapping result is too large. SRTM-1 has a large unwrapping error area at the
bottom, resulting in its unwrapping percentage being only better than the worst ALOS 12.5.
Therefore, ALOS 12.5 and SRTM-1 have poor unwrapping results in the Qinghai Tibet
Plateau region.

In the Central China Plain region, the unwrapping results of ALOS 12.5 show a
large area of erroneous values, and have the lowest unwrapping percentage and lowest
unwrapping accuracy. Because the terrain in this area is plain and there are no mountainous
areas with significant elevation fluctuations, the difficulty of unwrapping is relatively low.
Therefore, the unwrapping percentage and accuracy of Copernicus 30, ASTER V3, and
SRTM-1 DEMs are similar. AW3D30 has the highest unwrapping percentage and accuracy,
and better unwrapping results actually bring higher unwrapping efficiency.

According to the analysis of phase unwrapping results, Copernicus 30 is the most
suitable in the Qinghai Tibet Plateau region, and AW3D30 is the most suitable in the Central
China Plain region.

4.2. Analysis of Deformation Monitoring Results in Key Areas

In the Qinghai Tibet Plateau region, through deformation monitoring results in key
areas, it can be found that the subsidence trends of the five results are roughly the same.
Six points were randomly selected for temporal deformation analysis in key areas, and
the results of ALOS 12.5 showed greater fluctuations compared to the other four results.
Comparing and analyzing the RMSE values of all deformation points in the entire key area,
ALOS 12.5 is the highest and Copernicus 30 is the lowest. Therefore, through the analysis
of deformation monitoring results, the results obtained are still the worst for ALOS 12.5
and the best for Copernicus 30.

In the Central China Plain, it can be found from the deformation monitoring results in
key areas that the deformation results of ALOS 12.5 are seriously missing, because there
are null values in the phase unwrapping results in this area. A comparative analysis of
the six points in the key area and second order leveling data shows that the error of the
ALOS 12.5 result is the largest, the other four results are not much different from the second
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order leveling results, and the error of the AW3D30 result is the smallest. Also analyze the
RMSE values of all deformation points in the entire key area, ALOS 12.5 is the largest, and
AW3D30 is the smallest.

From the analysis of the final deformation monitoring results, Copernicus 30 is the
most suitable in the Qinghai-Tibet Plateau region, and AW3D30 is the most suitable in the
Central China Plain. Both analysis results have the same DEM applicability conclusion. It
is worth noting that ALOS 12.5 has the worst effect, but as shown in Figure 10, ALOS 12.5
does not have the problem of missing data. And in the Central China Plain, where the
monitoring is simple, there are also poor results. It can be explained that it is not because of
special terrain, shadows and overlaps that will bring low-quality areas and invalid areas.
As for why the results of ALOS 12.5 are so bad, because this 12.5 m is not the real resolution
of the DEM, it is obtained by interpolation after resampling. This DEM is only used as
a reference for the results of the radiometric terrain correction process. It should not be
used in place of a regular DEM because elevation values are altered by geoid corrections in
preparation for radiometric terrain correction processing [30].

ASTER V3 '(e

7y 57 .. i 1
R S T
201 103 216 83 211 101 221

Figure 10. (a—e) are the five types of DEMs in plateau areas. (f—j) are the five types of DEMs in
plain areas.

5. Conclusions

For the first time, this paper uses five free DEMs of AW3D30, ALOS 12.5, Copernicus 30
SRTM-1, and ASTER V3, to carry out a complete INSAR deformation monitoring process
for two different terrains: the Qinghai-Tibet Plateau and the Central China Plain. Not only
the comparative analysis of phase unwrapping results, which is very important in the
InSAR monitoring process, but also the conducted an innovative comparative analysis of
the deformation monitoring results under the high-precision TerraSAR-X data and used
the measured data to verify the applicability of the five types of DEMs.

In the Qinghai Tibet Plateau region, the results show that Copernicus-30-assisted
results have the highest unwrapping percentage, unwrapping accuracy, and deformation
accuracy. Because its unwrapping percentage is the highest, the corresponding poor
unwrapping efficiency can also be expected. ASTER V3 and AW3D30 have slightly lower
unwrapping accuracy and deformation accuracy than Copernicus 30. SRTM-1 has a large
area of unwrapping null values below the research area, which further leads to the loss of
deformation points, so it requires careful use in similar landforms. Although ALOS 12.5 has
the highest resolution, its auxiliary results are the worst and are not recommended for use.
Therefore, in the Qinghai-Tibet Plateau region, Copernicus-30-assisted INSAR deformation
monitoring is superior to the other four types of DEMs.

In the Central China Plain region, AW3D30 assisted results have the highest unwrap-
ping accuracy, unwrapping percentage and deformation accuracy. Copernicus 30 and
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SRTM-1 are slightly smaller than AW3D30 in the above three aspects. ASTER V3 is only
slightly smaller than AW3D30 in unwrapping accuracy and coverage, and its deformation
accuracy is relatively low. Similarly, ALOS 12.5 assisted result is still the worst, with a large
area of unresolved areas, resulting in the lowest deformation monitoring accuracy and
not recommended for use. Therefore, in the Central China Plain, AW3D30 assisted InSAR
deformation monitoring is superior to the other four DEMs. With the popularization of
InSAR technology, more and more high-precision DEMs will be released for free, and the
standardization and quality control of DEMs need to be strengthened. In the future, other
data sources such as optical images can be considered to judge the accuracy and reliability
of DEM. The conclusions of this paper can help INSAR scholars make informed decisions
about the use of certain DEMs for certain landforms.
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