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Abstract: In this work, we combine SAR and optical images for geo-hazard detection and monitoring
in Western China. An extremely small baseline of C-band SAR image pairs acquired from Sentinel-1A
at Menyuan, China, is analyzed. Apart from the large area of coseismal deformation, we proposed
an earthquake-derived landslide detecting method by removing the coseismal deformation with
polynomial fitting, then the detected moving areas were confirmed with Chinese Gaofen-1 optical
satellite images. Sentinel-1A C-band interferograms show about a 7-cm line of sight movement
caused by the Mg 6.4 Menyuan earthquake; meanwhile, several features indicative of ground
movement were detected by the proposed method and demonstrated by the Gaofen-1 optical images;
the interpretation of high-resolution optical data complemented the goal of better understanding the
behavior of geo-hazard disasters. INSAR time series analysis provides an opportunity for continuous
monitoring of geo-hazards in remote areas, while the optical image method is easily affected by
decorrelation due to snowfall.
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1. Introduction

Geo-hazards can cause enormous human and economic losses, as well as environmental disruption.
Geo-hazards can be classified into two main categories [1,2]: natural hazards (such as earthquakes,
landslides, volcanic eruptions, tsunamis, and floods) and human-induced hazards (such as land subsidence
due to groundwater-extraction, water contamination, and atmosphere pollution). Among all natural
hazards, earthquakes represent one of the most devastating hazards in terms of economic damage and
human suffering, while landslides, which are considered a secondary hazard, cause major infrastructural
damages, casualties, and economic losses [3]. Due to the sparse vegetation in the mountainous
area of Western China, the surface stability is poor, and landslides and mudslides occur very easily.
In earthquake-prone areas, this situation becomes worse. For instance, on 8 August 2010, a large-scale
landslide occurred in several valleys in Zhouqu County, China, causing widespread property damage and
over 1700 casualties [4,5].

During the past decades, Earth observation (EO), which is the gathering of information about the
Earth using remote sensing technologies, has been widely applied to disaster risk management [6],
with an exponential increase in geo-hazard applications since the 1990s [1]. Remote sensing can
automatically monitor the changes or displacement over the whole land, not only with a few observation
points, but with high density and frequency. This technique is very useful and efficient in the field
of geo-hazard recognition, monitoring, and forecasting. The advantage of optical remote sensing
techniques for geo-hazard monitoring is obviously its visual representation with high resolution [7,8],
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while the disadvantage is its inability to work during the night as it is affected by the weather.
Synthetic aperture radar (SAR) has the ability to monitor deformation in all weather and with
all illumination conditions. However, its resolution is relatively low compared to optical imagery.
The demand for automated landslide detection is high, and the approaches using optical images include
visual interpretation [9], post-classification comparison [10], image differencing [11], and change vector
analysis [12], etc. As far as SAR is concerned for landslide detection, various approaches have been
investigated, including the use of interferometric coherence [13], pre- and post- event backscatter
information [14], and differential SAR interferometry (DInSAR) [5,14-18] (see Reference [2] for a review of
using optical and SAR image data for geological hazard mapping and monitoring).

Decorrelation is one of the challenges of DINSAR technology for landslide detection,
which becomes more serious in snow-covered areas. In this work, SAR and optical data are
combined for geo-hazard detection and monitoring in snow-covered areas in Western China.
We analyze the capability of SAR interferometry (InSAR) using C-band SAR imagery acquired by the
European Space Agency (ESA) Sentinel-1A satellite to monitor earthquake-related ground movement.
Firstly, large areas of displacement caused by the earthquake were explored using an extremely
small baseline Sentinel-1 interferometric pair; then, the coseismal deformation was removed by
polynomial fitting in both the range and azimuth directions, and small displacements related to
landslides/mudslides/glaciers were achieved, followed by a visual demonstration of optical images
from the Chinese Gaofen-1 satellite. Lastly, behaviors of landslides are analyzed by interferometric
deformation time series.

2. Study Area and Data

According to China Earthquake Network Center (CENC), on 21 January 2016, an Mg 6.4
(surface wave magnitude) earthquake occurred in Menyuan county, Qinghai Province, Western China,
with the center of the earthquake, with a depth of about 10 km, located at 101.62° E, 37.68° N.
The earthquake was occurred on Qilian Mountain, which is at the northeast edge of the Qinghai-Tibet
plate, and expanded across the Qinghai Tibet Plateau to the interior of the continent’s forward line.
The terrain is particularly complex and intriguing: to the north, there are two deserts named Badain
Jaran Desert and Tenger Desert; the Loess Plateau is located to the southeast. The study area is sparsely
vegetated, ecologically fragile, and easily affected by geo-hazards. Figure 1 shows the geographic
location of the earthquake and the coverage of the descending Sentinel-1A SAR image. The dashed
white rectangle outlines the burst for interferometric processing.
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Figure 1. The geographical location of the Menyuan earthquake. A descending Sentinel-1A SAR image
acquired on 18 January 2016 is superimposed on a GoogleMaps™ image; the dashed rectangle shows
the burst for interferogram generation, the red star marks the Mg 6.4 Menyuan earthquake epicenter.
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Since 1927, more than five earthquakes with Mg > 6 have occurred within a 100-km range
from the epicenter of the Menyuan earthquake, according to the U.S. Geological Survey (USGS).
The largest one, with a magnitude of MS 8.0, occurred in May 1927, and the next largest earthquake
with a magnitude of MS 6.5 occurred on 26 August 1986 [19]. The easternmost Qilian Mountain called
Lenglongling, which is a famous geological fault belt, reflects all the characteristics and essence of
the Qilian Mountains; the detailed tectonic background can be found in Reference [19]. The peak of
Lenglongling, known as “Gangshika”, a tourist attraction, is 5254.5 m above sea level. It is the main
mountain of Qilian Mountain, and the glacier-covered area above 4500 m is about 81 km?. Figure 2
shows the study area subtracted from an RGB (band 4, band 3, and band 2) colored image acquired by
Sentinel-2A on 8 February 2016, 18 days after the earthquake. The red rectangle illustrates the area
covered by the burst of the Sentinel-1A descending image. The region is in a mountainous area and
more than 80% was covered with snow. The blue dashed rectangles show the footprint of the Gaofen-1
optical images, and the red star is the earthquake epicenter reported by CENC. The green dashed
rectangle marks the research area.

101°30'E  101°34'E 101°38'E  101°42'E  101°46'E  101°50'E  101°54'E  101°58'E  102°2'E

37°38'N 37°42'N 37°46'N
37°36'N 37°40'N 37°44'N

37°34'N

* Epicenter

37°32'N

"
. Research area

37°30'N

Sentinel-1A

—
E_._: Gaofen-1

37°28N

101°30'E  101°34'E  101°38'E  101°42'E  101°46'E  101°50'E  101°54'E  101°58'E  102°2'E

Figure 2. Sentinel-2A image acquired on 8 February 2016 showing the Menyuan earthquake area.
The red star illustrates the proximate seismic center; the blue dashed rectangles show the footprint of
Gaofen-1 optical images; the red rectangle is the Sentinel-1A burst area.

Eleven TOPS (Terrain Observation by Progressive Scan) IW (Interferometric Wide swath) mode
SAR images acquired by Sentinel-1A covering a time span from 29 April 2015 to 11 February 2016 were
collected (see Table 1); one of the bursts in the first swath, with an incidence angle of 30-36 degrees
covering the entire earthquake area, was processed (see the red rectangle in Figure 2). Two Gaofen-1
optical images covering the study area were acquired after the earthquake (8 February 2016) (see the
blue rectangles in Figure 2). Gaofen-1 is a Chinese high-resolution optical remote sensing satellite,
launched on 26 April 2013, working in a sun-synchronous recursive orbit with a repetition cycle of
four days. Gaofen-1 is equipped with a multispectral scanner with the highest resolution of 2 m;
more information about the Chinese Gaofen-1 satellite system can be found in Reference [20].
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Table 1. Sentinel-1A IW mode SAR images pairs for interferometry.

No. Master Date Slave Date Bperp/m Btemp/d
1 29 April 2015 23 May 2015 =77 24
2 23 May 2015 10 July 2015 —75 48
3 10 July 2015 27 August 2015 166 48
4 27 August 2015 20 September 2015 —101 24
5 20 September 2015 14 October 2015 81 24
6 14 October 2015 1 December 2015 —23 48
7 1 December 2015 25 December 2015 73 24
8 25 December 2015 18 January 2016 —128 24

9* 18 January 2016 11 Feruary 2016 11 24
10 11 Feruary 2016 6 March 2016 80 24

* The Ms 6.4 Menyuan earthquake occurred on 21 January 2016.

3. Data Processing and Analysis

3.1. Coseismic Deformation Measured by SAR Interferometry

Concerning the exploitation of the SAR interferometric information, there are three different
approaches: the classical DINSAR analysis based on single interferograms, the simplified PSI
(Persistent Scatterer Interferometry) approach based on temporally-consecutive interferograms,
and the full PSI approach which exploits redundant interferograms (with short and large temporal
baselines), see, e.g., References [21,22]. The simplified PSI approach is appropriate for non-urban
areas, where the maximum coverage is achieved by exploiting the shortest temporal baselines.
By contrast, the full PSI approach is indicated to process urban areas, where the coherence loss
to temporal decorrelation is less important. In our case, a classical two-pass DINSAR processing
chain, developed at the Centre Tecnologic de Telecomunicacions de Catalunya (CTTC), was applied
to the Menyuan earthquake deformation monitoring, and the USGS SRTM3 DEM [23] was used for
topography removal. A multi-look of five was applied in the range direction to obtain a similar pixel
dimension as in the azimuth direction. Taking advantage of the reduced Sentinel-1A orbital tube
(the perpendicular baseline is 11 m for the coseismic deformation interferometric pairs, see Table 1),
the residual topographic component is disregarded for the classical two-pass DINSAR approach.

To be addressed, due to the TOPS characteristics, Sentinel-1A data needs extra processing with
respect to the standard StripMap processing [24]. This mainly affects the image co-registration step,
which is due to a high Doppler rate caused by the azimuth antenna beam steering, which needs
to be very accurate (1/103 pixels in azimuth [25]). To achieve such accuracy, a two-step process
was proposed: first, a pixel-level co-registration by using the classical SAR image co-registration
method, achieved using orbit information and, finally, a refinement of the accuracy by using spectral
diversity [24,25].

Figure 3 shows the differential interferogram generated with the Sentinel-1A images acquired
on 18 January 2016 and 11 February 2016. More than two fringes can be clearly interpreted,
and an unwrapped phase shows a maximum uplift of about 16 rad (see Figure 5), which corresponds
to about 7 cm in the radar line of sight direction, and more detailed deformation information caused by
this earthquake can be found in References [19,26]. Apart from the large area of deformation caused
by the earthquake, small fringe patterns can be clearly seen in the earthquake deformation area (some
of them are marked with black arrows in Figure 3).

3.2. Method of Geo-Hazard Detection

In order to locate secondary geo-hazards caused by the earthquake, visual interpretation of the
interferogram by looking for the interferometric pattern in the generated coseismal interferogram is
a straight choice, while this method is time-consuming and may miss key information in such a large
area (more than 400 km?). In this case study, a method for fast and automatic geo-hazard detection
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based on the single differential interferogram is proposed: firstly, the differential interferogram is
unwrapped based on the pixels whose coherence are larger than 0.3 (due to the extremely small baseline,
these pixels account for 96.47% in the measured area); secondly, an interpolation procedure based on
the Delaunay triangulation is applied to fill the pixels with a coherence lower than 0.3, followed by
a fourth-order polynomial to fit the phases in both range and azimuth direction, and their mean values
are considered as the coseismic deformation phases; thirdly, the difference between the unwrapped
phase and the fitted phase is calculated; lastly, a phase threshold of 3 rad is set to the different phases,
followed by a median filter with a window size of 2 x 2 pixels, to obtain the potential geo-hazards
area. The flowchart of the proposed method is illustrated in Figure 4.
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Figure 3. Differential interferogram showing the deformation of the Menyuan earthquake.
The interferogram is superimposed on an optical image, with one full color cycle representing a difference
in phase of 27t corresponding to 2.8 cm of the LOS (Line Of Sight) range change. It was generated using two
descending Sentinel-1A IW mode images acquired before (18 January 2016) and after (11 February 2016)
the Mg 6.4 Menyuan earthquake (21 January 2016).
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Figure 4. The flowchart of geo-hazard area detection based on a single differential interferogram.
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Figure 5a shows the unwrapped phase, in which the large deformation area caused by the
earthquake is about 16 rad, corresponding to about 7 cm in the line of sight direction. Figure 5b shows
the result of the polynomial fitted phase, and the phase difference between the unwrapped and fitted
phase is shown in Figure 5c, in which small phase patterns of potential geo-hazard areas can be clearly
seen (the black arrows). Figure 6 illustrates the profile (red line in Figure 5a) of the phase difference
between the unwrapped and fitted phase. From this figure, small movements of possible geo-hazards
can be detected (marked with red ovals).
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Figure 5. (a) Unwrapped deformation phase; (b) phase fitted with a fourth-order polynomial,
showing the large area coseismal deformation; and (c) phase difference between (a,b).
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Figure 6. An azimuth profile (the red line in Figure 5a) of the difference between unwrapped and the
fitted phases; the red lines are the phase thresholds.
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3.3. Geo-Hazard Detection Results and Validation

Figure 7 shows the areas in which the difference between the unwrapped and the fitted phase is
larger than £pi and possible geo-hazard areas are marked with lowercase letters a—m. To be noted,
media filtering with a window size of three was applied before they were superimposed on the optical
image. In order to demonstrate the proposed method for geo-hazard detection, optical images of
the Chinese Gaofen-1 satellite are used for visual interpretation (see the corresponding images in
Figure 8). It can be seen that areas marked with a—e, h—j, and 1 are glacier movements, while areas
labeled with £, g, k, and m are landsides, in which the moving tracks can be seen clearly; area g
looks like a mudslide conferring the sliding folds. Due to the limitation of the SAR viewing direction,
the proposed method using SAR interferometry for geo-hazard detection can only locate part of the
moving areas, which are mainly in the apron slope or back slope. The detecting ability depends on the
SAR incidence angle, local slope rate, vegetation, etc.

3.4. Deformation Time Series Analysis

Areas g, e, and k were selected for SAR interferometric time series analysis, 10 differential
interferograms were generated (see Figure 9) by consecutive image formation with a time span
of nearly 10 months, and detailed interferometric parameters can be found in Table 1. In area g,
although the interferograms were affected by noise, most of them show a clear shape of the moving
area, especially on the top part, interferometric fringes can be detected from blue to red, which means
the landslide moves away from the radar in the line of sight direction. In areas e and k, only the last
four interferograms show clear interferometric patterns, while the others are strongly affected by noise,
considering the rainfall during the monitoring time span (see Figure 9d), and it is clear that the loss of
coherence is due to rainfall during the observation.
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Figure 7. Detected possible geo-hazard areas (highlighted with lowercase letters) superimposed on
the Chinese Gaofen-1 optical images; the blue color means moving towards the radar, while the red is
moving away from the radar, and the arrows show the line of sight direction.
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Figure 8. Gaofen-1 optical images acquired after the earthquake demonstrate the movements of the
corresponding detected area; the radar line of sight is marked with the red arrows.

_2151225

Figure 9. Cont.
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Figure 9. Differential interferograms in radar geometry generated with consecutive Sentinel-1A images
illustrate land movement at area g (a); e (b); and k (c); the interferograms’ dates of master and slave
images are given in the bottom; (d) shows the daily rainfall during the monitoring time span, the SAR
acquisitions are marked with the red vertical lines.

4. Discussion and Conclusions

This study demonstrates the capability of C-Band Sentinel-1A SAR imagery for detecting and
monitoring of ground deformation in the snow-covered area in Qinghai Province, Western China.
Apart from the large area coseismal deformation caused by the Menyuan Mg 6.4 earthquake,
small ground movements are detected with the extremely small baseline differential INSAR technique,
and the results are demonstrated by Chinese Gaofen-1 high-resolution optical images. The combination
of the DInSAR interferogram and high-resolution optical remote sensing images can be used for
detecting small area ground deformation in snow-covered areas. Moreover, C-band InSAR time
series analysis can also be used for the evaluation of geo-hazards, and this technique has great
potential for a dynamic geo-hazard assessment and early warning system in Western China; the main
decorrelation source is rainfall during the observation time. In addition, the use of remote sensing
methods allows for the efficient analysis in large remote areas, making them suitable for investigating
geo-hazard processes.

In our test site, with the characteristics of snow-covered high mountains in large areas,
ground-based instruments, such as GPS and total stations, cannot acquire sufficient spatial density.
In some cases, the instruments cannot even be reached and equipped. In contrast, the remote
sensing technique allows for large area observations in a spatially-continuous way, which is especially
important in remote places like the west of China, where many landslides/mudslides occur within large
areas. The technique is especially useful after an earthquake. Fortunately, the launch of the Sentinel-1
family allows for a regular acquisition of SAR imagery to evaluate the area of interest at a high temporal
resolution, and the high resolution of optical remote sensing data is a well-complemented source to
assess a specific hazard, like landslides or mudslides. The combination can overcome the disadvantage
of InNSAR decorrelation related to vegetation and heavy clouds for optical remote sensing.
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