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Abstract

On August 8, 2017, Jiuzhaigou earthquake caused a large number of geologi-
cal disasters in Jiuzhaigou scenic area, and many landscapes were seriously
damaged. Sentinel-1A data from July 30, 2017 to January 28, 2020 are selected
as the data source. SBAS-InSAR technology is used to obtain the settlement
rate changes of Jiuzhaigou earthquake damaged core landscape Panda sea,
Spark sea and Nuorilang waterfall, and dynamically monitor the restoration
and conservation results of Jiuzhaigou. The results show that after the earth-
quake, the core landscape land subsidence occurs rapidly, and the settlement
reaches 43 mm. The settlement of spark sea and NuoRiLang waterfall is large,
and the maximum settlement is 65 mm. The three sites showed a downward
trend, and the settlement rate decreased slowly and tended to be stable after
repair. The effect of dynamic monitoring of Jiuzhaigou restoration and con-
servation is obvious, which provides a new method for landscape restoration
and conservation monitoring of Jiuzhaigou scenic spots.
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1. Introduction

Jiuzhaigou scenic spot is located in the transition zone between two geomorphic

units of Qinghai Tibet Plateau and Sichuan Basin, and in the south central part of
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Jiuzhaigou County, Aba Autonomous Prefecture, Sichuan Province. The terrain
in this area is high in the South and low in the north. The terrain is complex.
There are 68 peaks with an altitude of more than 4000 m, the highest point of the
basin is 4764 m, the lowest point is 1996 m, the height difference is about 2768 m,
the horizontal distance between the maximum height difference points is about
46 km, and the average height difference of the whole basin is more than 1600 m.
At the same time, there are abundant plant resources and dense vegetation cov-
erage. Jiuzhaigou has a complex geological environment, strong neotectonic
movement, dominated by carbonate rocks, highly developed fold faults, and fre-
quent natural disasters [1] [2]. The travertine located in Jiuzhaigou is one of the
world’s highest (2200 m - 2900 m) vegetation, environmental temperature, and
river basin travertine. At 21:19 on August 8, 2017, a magnitude 7.0 earthquake
occurred in the Jiuzhaigou Scenic Area, Zhangzha Town, Jiuzhaigou County,
with a focal depth of about 20 km [3]. Seismic activity not only induced a large
number of disasters such as landslides and collapses in Jiuzhaigou Scenic Area,
but also affected Jiuzhaigou’s surface water flow, water level, vegetation, animals,
topography and natural landscape to a certain extent.

The Jiuzhaigou earthquake caused the geological environment in a certain area
to deteriorate, and the residential areas and scenic spots in the earthquake area
suffered serious damage. After the earthquake, it mainly induced small and me-
dium landslides and collapses, followed by the resurrection of some old landslides
[4]. Many scholars have done a lot of research based on the disasters caused by
the Jiuzhaigou earthquake. Yuan Maoke and others used 3S technology to study
the sensitivity of Jiuzhaigou’s post-earthquake ecological and geological envi-
ronment [5]; Luo Luguang and others selected 16 combinations of landslide
control and influencing factors to select Jiuzhaigou Earthquake landslides were
evaluated [6]; Li Dong ef al used Sentinel-1A data to monitor the surface de-
formation of Jiuzhaigou [7]; this paper uses SBAS-InSAR technology to monitor
the core seismic damage landscape that is repaired after the earthquake.

Interferometry Synthetic Aperture Radar (InSAR) technology breaks through
the limitations of traditional monitoring methods, and realizes large-scale mon-
itoring of surface deformation with high precision, high resolution and low cost.
The early Differential Interferometry Synthetic Aperture Radar (D-InSAR)
technology based on the principle of interference was affected by negative factors
such as time-space decoherence, atmospheric delay, and mountain vegetation,
and its application in the southwest mountainous area was greatly restricted [8].
The Short Baseline Subset InSAR (Small Baseline Subset InSAR, SBAS-InSAR)
technology can make full use of multi-scene radar images and time series analy-
sis technology to effectively solve the problem of spatiotemporal decoherence
and atmospheric factors in D-InSAR technology that affect the monitoring ac-
curacy. Long-term monitoring of surface deformation, reducing the impact of
space-time decoherence and atmospheric effects, can increase the monitoring

accuracy to millimeter level [9] [10], which has broken through the limitations
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of D-InSAR technology to a large extent, and greatly increased the use of InSAR
technology in geology. It greatly increases the application potential of InSAR
Technology in geological hazard monitoring [11] [12].

The SBAS-InSAR technology is used to obtain the deformation sequence and
average deformation rate of the core scenic area before and after the Jiuzhaigou
earthquake. It mainly studies the changes in the core landscape after the earth-
quake, during and after the repair. The SBAS-InSAR technology has a wide
range and high accuracy. It is not affected by weather conditions and other ad-
vantages, dynamically monitoring the effect of Jiuzhaigou restoration and con-
servation, provides a new means for Jiuzhaigou restoration and conservation,
and is of great significance to guarantee the restoration of Jiuzhaigou scenic

spots and the continuation of the landscape value.

2. Overview of the Study Area and Data Basis

2.1. Overview of the Study Area

Jiuzhaigou is located in Zhangzha Town, Jiuzhaigou County, with geographic
coordinates of 100°30" - 104°27' east longitude (E) and 30°35' - 34°19' north lati-
tude (N). The landform of Jiuzhaigou is a high mountain and valley area, the
terrain is high in the south and low in the north, with an altitude of 1996 - 4764
m. The average annual precipitation is 646 mm, the average annual temperature
in the scenic area is 7.3°C, and the average temperature of the hottest month
(July) and coldest month (January) are 16.8°C and —3.7°C, respectively [13]. The
geological conditions in the scenic area are complex, and faults are developed,
and geological disasters frequently occur before the earthquake [14]. The earth-
quake caused direct damage to many core landscapes in the scenic area, and the
study area was densely covered with vegetation. Therefore, the entire Jiuzhaigou
Valley was selected as the study area to study the core earthquake-damaged

landscape. The study area is shown in Figure 1.

2.2. Data Basis

This paper selects 10 Sentinel-1A SLC data (see Table 1). Precise Orbit Ephe-
mendes (Precise Orbit Ephemendes) POD, POD can correct orbit information
containing errors, effectively removing its systematic errors. The reference DEM
uses 30-meter resolution SRTM digital elevation model data to remove the ter-
rain phase and perform phase unwrapping. The data time span of 10 sceneries of
Sentinel-1A is 2017.07.30-2020.01.28. Since the Jiuzhaigou earthquake occurred
on August 08, 2017, the study time began on July 30, and the time points
adopted were mainly based on the restoration period (2017.1-2018.05).

2.3. SBAS-InSAR Technology Principle

The short-baseline interferometry technique was proposed by Berardino and Lanari
et al. in 2002 [8]. This method freely combines to generate time-series interfero-

grams of multi-primary images according to the principle of short-time-space base-
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lines, and uses the singular value decomposition of the matrix (Singular Value
Decomposition, SVD) method inversion to obtain the deformation sequence
and average deformation rate during the observation period of the study area
[14] [15] [16]. The SBAS processing flow is shown in Figure 1, and the corres-
ponding calculation method refers to the literature [17] [18]. Specific steps are as
follows:

1) Acquire N + 1 scenes of SAR images in a certain time series in the study
area, select one scene for registration and generate interference image pairs A4,
where M is the number of interference image pairs, and the following conditions

need to be met. When editing image pairs, you can remove the less relevant im-

age pairs:
(N+1) (N+1)
——<M<N—— (1)
2 2
103°40'0"E 104°0'0"E 104°20'0"E
: — — . B

z : Z
g £
= g
Z z
o o
[=) [=]
e o
[ag] {22

Legend
v¢  Epicenter

:' Study area

103°40'0"E 104°0'0"E 104720'0"E

Figure 1. Study area.

Table 1. Sentinel-1a image information.

parameter Corresponding value parameter Corresponding value
Orbital direction Ascending Band C
Imaging mode w Wavelength/cm 5.6
Polarization mode \A% Resolution/m 5x20
Revisit cycle 12d Incident angle/(") 39.6°
images/scene 10 Image time 2017.07-2020.01
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2) Interference processing is performed on the paired images, and the diffe-
rential interferogram generated by combination is used for phase unwrapping
using orbit parameters, reference DEM and filtering. There are many methods
for phase unwrapping, including region growth method. Delaunay MCF method
composed of irregular triangles and minimum cost flow method. In this paper,
the Delaunay MCF method is selected and 3D unwrapping is performed. The
orbit parameters and reference DEM are added to remove most of the phase er-
ror caused by the terrain and the phase error caused by the influence of noise.
Relatively remove those that are greatly affected by the atmosphere, poor cohe-
rence, or poor unwrapping results;

3) In SBAS processing, GCP is used to re-level all data pairs. Select no less
than 20 control points for orbit refining and re-leveling. GCP needs to select no
residual terrain stripes, no deformation stripes. There are no phase jump points.
If you can’t choose a perfect GCP point, choose as many as possible. Flattening
includes orbit optimization and residual phase optimization. In this paper, the
residual phase optimization method is selected to optimize the flattening
process;

4) SBAS performs two inversions. The first is to estimate the residual topo-
graphy and deformation rate, and the second entanglement is performed to op-
timize the interferogram results, and the second is to effectively remove the er-
rors caused by the atmosphere and topography to obtain higher accuracy. Cal-
culate the displacement on the time series;

5) Perform geocoding to convert radar data from the slant-range coordinate
system to the geographic coordinate system, so as to obtain the time deforma-
tion sequence and the average deformation rate in the geographic coordinate
system [19] [20] [21] [22].

3. Earthquake-Damaged Landscape Reconnaissance
Analysis and Restoration and Conservation

3.1. Earthquake-Damaged Landscape Reconnaissance Analysis

The Jiuzhaigou Restoration and Conservation Task Force conducted the first
survey of the Jiuzhaigou scenic spot on October 18, 2017, mainly focusing on the
three core scenic spots: Sparkling Sea, Nuorilang Waterfall and Panda Sea. In
October 2017, site surveys and geophysical prospecting work were carried out on
the sparkling sea and Nuorilang waterfall in Jiuzhaigou. Geophysical prospecting
uses high-density electrical methods and radar geophysical prospecting to con-
duct geophysical surveys on the interior and front and rear dams of the Spar-
kling Sea, the entire front edge of Nuorilang Waterfall, the Panda Sea dam and
its surrounding facilities. The sea of sparks is located at the beginning of the
scenic tourist route. After the earthquake, the sea of sparks broke the dike
shockingly. The lake of 450 x 103 m?® disappeared instantly, leaving behind the
exposed travertine dam and travertine reef. Nuorilang Waterfall has undergone

more than 30,000 years of waterfall effect, forming the existing Nuorilang Wa-
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terfall landscape. After the earthquake, a “U-shaped” crack (0.7 m x 7.2 m) ap-
peared in the dam above the outflow of Nuorilang Waterfall. The length of the
dam crest fissure is about 20 m, resulting in the lack of waterfalls with a width of
about 50 m on the crest of the dam, all of which seriously affect its visualization
effect. At the same time, the Nuorilang Waterfall dam has existing wa-
ter-containing, water-free cavities and fissures, which may bring risks such as
new piping and secondary collapse. Landfills and landslides on both sides have
reduced the area of Panda Lake, which directly affects the viewing of tourists.
The natural construction of travertine dams includes multiple functions such as
plant trunk accumulation and interception, travertine debris stacking, and tra-
vertine in-situ deposition. Its formation has long-term and particular characte-
ristics. In view of the current surface water chemistry and surrounding envi-
ronmental conditions, the natural damming behavior is irreversible after damage
behavior is irreversible after damage. It can be seen that the restoration of the
core landscape damaged by the earthquake is very urgent and necessary. From
October to December 2017, the exploration analysis and geophysical prospecting
of the three core landscapes were completed. In March 2018, on-site surveys and
supplementary surveys of the three core landscapes were carried out again. Nuo-
rilang Waterfall officially completed the restoration of the top of the dam on
May 23, 2018.

3.2. Landscape Restoration and Conservation

1) In accordance with the basic principle of “respect for nature and moderate
intervention”, the restoration of the earthquake-damaged area at the core herit-
age site of Jiuzhaigou, based on exploration and analysis, uses the following me-
thods to restore and conserve the core earthquake-damaged landscape of Jiuz-
haigou.

2) After the earthquake, the Sea of Sparks was seriously damaged, the dam on
the side of the Shuanglong Sea collapsed, and the landscape changed from lake
to stream and calcification collapse. First, use the slope to clean up debris, ma-
nually excavate collapse and calcification, process calcification raw materials,
and make calcification repair agent. Afterwards, measures such as slope leveling
and dam bottoming, side slope repair, dam repair, and tunnel closure and water
storage will be carried out.

3) Nuorilang Waterfall dam body piping flow mainly comes from cracks in
the dam crest, so the restoration and conservation of Nuorilang Waterfall is
mainly the repair of the crest funnel of the damaged section, the repair of the
damaged surface of the piping and the cracks in the dam body and the restora-
tion of natural maintenance.

4) Landfills and landslides on both sides have caused the area of the Panda Sea
Lake to be reduced on the original basis. The Panda Sea landscape needs to
strengthen disaster management and the cleaning of lakeshore deposits to re-

store the Panda Sea to its original state as much as possible.
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4. Result Analysis and Discussion

Since the three core earthquake-damaged landscapes were surveyed in October,
December and March of the following year after the earthquake, the Nuorilang
Waterfall dam crest restoration work was completed in May 2018. This article
selects the corresponding date image data and uses the above processing me-
thods. Obtain the cumulative settlement of the core scenic spot and the monthly
average settlement rate. This article mainly analyzes the three core earth-
quake-damaged landscapes of the Sparkling Sea, the Panda Sea and the Nuori-
lang Waterfall. Using SBAS-InSAR technology, the settlement accumulation di-
agram and the settlement rate of the above three scenic spots in the settlement
sequence are obtained (as shown in Figure 2 and Figure 3).

As shown in Figure 2, after the earthquake occurred on August 8, 2017, the
monthly average settlement rate of the three core earthquake-damaged land-
scapes increased rapidly in the negative direction, and Nuorilang Falls reached a
maximum of 107.5 mm/s, indicating that rapid surface settlement occurred and
the amount of settlement When it reaches 43 mm, the settlement rate decreases
after the earthquake. At the same time, the cumulative settlement of the three
scenic spots increased. Among them, Nuorilang Waterfall has the largest camu-
lative settlement, with a maximum settlement of 50 mm, indicating that a large
settlement has occurred in this area. In October 2017, the exploration and resto-
ration of Nuorilang Waterfall and the Sea of Sparks began. By December 2017,
the exploration of the three core earthquake-damaged landscapes was basically
completed. It can be seen from Figure 3 shows that the monthly average subsi-
dence rate of the three restoration sites decreased rapidly after August, and in-
creased first and then decreased around October, and the subsidence rate tended
to zero around December. After the earthquake, the cumulative subsidence of
the three scenic spots increased first and began to decrease after October.
Among them, the Panda Sea changed the most, and the cumulative subsidence
of Nuorilang Falls decreased significantly after restoration. During the restora-
tion period, the cumulative subsidence of the sea of sparks decreased first and
then increased, but it also decreased compared to after the earthquake. After
December, the monthly average subsidence rate of Nuorilang Waterfall and
Panda Sea stabilized and approached 0, and there was basically no change after
that. The monthly average rate of Spark Sea was still fluctuating up and down,
but the rate was relatively small at 6 mm/s. It started to decrease after 2018.05.30
and stabilized around 2019. During the period from 2017.12 to 2018.05, when
the restoration measures were taken, the settlement of Panda Sea and Nuorilang
Waterfall stabilized, and the accumulated settlement did not change much. The
settlement of Spark Sea first decreased and then increased, and it will be constant
after May. Stable over time. However, the settlement of the Sea of Sparks has not
decreased relatively. The settlements of Nuorilang Waterfall and Panda Sea have
been decreasing until the restoration period in May. By 5.26, the accumulated

settlement of Panda Sea was only 12 mm, and Nuorilang Waterfall was 22 mm.
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Figure 2. Accumulated settlement.

Monthly aver settlement rate
(mm/m)
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Figure 3. Monthly average settlement rate.

It shows that the corresponding measures taken according to the earth-
quake-damaged landscape are very effective. After the restoration and conserva-
tion, the earthquake-damaged landscape has not changed much, and there are
no more disasters such as settlement.

Figure 4 shows the cumulative sedimentation diagram at the time points of
2017.08.11, 2017.10.22, 2018.05.26, 2020.01.28 (from left to right, from top to
bottom) and Figure 5 shows the rate change diagram. The famous landscapes of
Jiuzhaigou are all near the three ditch. Cumulative settlement of the three core
earthquake damaged landscapes on August 11, 2017. The maximum cumulative
settlement in this figure is 43 mm. After the earthquake, the three scenic spots
and surrounding areas have experienced significant settlements, and some areas
have suffered heavy settlements. However, after the restoration, it can be clearly
observed that the cumulative settlement of the three core earthquake-damaged
landscapes is decreasing, but in terms of the settlement rate, the settlement of the
three scenic spots has occurred. According to the restoration date, it can be seen
that during the restoration period, the cumulative settlements of the three core
earthquake-damaged landscapes and certain scenic spots in the surrounding
area are all decreasing, and the effect is obvious. As for the cumulative settle-
ment on February 28, 2020.01, reaching the maximum settlement of 65 mm, it
indicates that the Jiuzhaigou core earthquake-damaged landscape is changing

and can be further studied based on the new monitoring results.
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5. Summary

This paper uses SBAS-InSAR technology to obtain the settlement results of im-
portant scenic spots in Jiuzhaigou Scenic Area around 2017.08.08. The main
conclusions are as follows:

1) After the earthquake, geological disasters such as mudslides and collapses
occurred in a large number of scenic spots in the study area, especially the core
landscapes of Spark Sea, Panda Sea, and Nuorilang Waterfall. The damage was
serious. After the earthquake, the ground subsided rapidly, with a settlement
amount of 43 mm. The maximum monthly average velocity changed to 107.5
mm/s. During the restoration period from 2017.07 to 2018.05, the elevations of
the three locations showed a downward trend, but the settlement decreased sig-
nificantly after the restoration, and the settlement rate also decreased signifi-
cantly, approaching 0, indicating that the restoration effect is good.

2) SBAS-InSAR technology can obtain a large range of time series deforma-
tion, as well as a small area of settlement rate, with an accuracy of mm level.
Long-term dynamic monitoring can be carried out after the restoration and
conservation of the Jiuzhaigou scenic spot to reflect its restoration and conserva-
tion effect on the one hand. SBAS-InSAR technology can not only monitor the
deformation of earthquake disasters, but also dynamically monitor and analyze
the restoration of earthquake scenic spots by obtaining surface deformation in-
formation with high temporal and spatial resolution. The continuation of the
landscape value is of great significance.

3) Through analysis and verification, the results can dynamically monitor the
restoration of scenic spots after the Jiuzhaigou earthquake and provide a method

for the rescue and restoration of world heritage sites.
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