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Abstract 
Landslide monitoring is one of the most important methods in landslide prevention. Landslide 

early identifying that based on D-InSAR technique is one of the effective means in landslide monitoring in 
ravine reservoir area. On the basis of D-InSAR technique analysis in ravine reservoir, how to eliminate the 
error and find the real moving area caused by rock and soil is the key problem. Considering the fact, an 
experiment region in reservoir of Wudongde hydropower station, Jinsha River has been studied. Based on 
D-InSAR analysis method and the characteristics of radar data, an analysis method of the SAR data 
trusted zone, the detectable landsliding displacement and error estimation has been established, 
extracting the effective range in the result of SAR data analysis. 
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1. Introduction 

Landslide formation and development is a very long process, which is difficult to identify 
by the naked eyes. Through capture the process of physical monitoring landslide disaster to find 
the landslide as soon as possible, provide the effectively early warning and prevention. The 
traditional warning methods rely on geological surveying, field exploration and long-term 
observation in a single landslide by human ability, which require a lot of manpower and 
resources. The on-site monitoring instruments include tiltmeter, displacement meter, 
stressmeter, water level gauge and GPS, TDR and other electronic remote monitoring 
technology [1-3]. These methods can provide important information about the location and 
displacement. The advantage is high accuracy of single point and the disadvantage is hard to 
set markers in the test area, it is hard to apply in the danger zone that people different to 
arrived. The process of traditional measurement method has the single point error of non-
uniformity, it is not conductive to the overall trend of displacement analysis. Differential 
Synthetic Aperture Radar Interferometry (D-InSAR) technology plays a seminal role in the 
landslide early detection and monitoring. 

D-InSAR technology is a new Earth-observation technique that detects surface 
movement at the subcentimeter level. The deformation results make up the shortcoming of 
traditional measurement methods of sparse points. D-InSAR technology can get the 
deformation of surface in tens of square kilometers. The advantages of D-InSAR technology 
contains: all-weather adaptability, coverage of inaccessible areas, low cost, and without 
monitoring network [4]. Thus, D-InSAR technology has been widely used in the landslide 
monitoring areas. 

Gabriel et al. (1989) [5] measured surface deformation in the southeastern California 
Imperial Valley Irrigation District. They were the first to demonstrate that D-InSAR can be used 
to monitor surface deformation at the centimeter level. Early studies have focused on monitoring 
large movements caused by earthquakes or volcanoes. With the development of theoretical 
research, however, the focus has shifted to small ground movements such as ground 
subsidence and landslides. Achache et al. (1995) [6] demonstrated the capability of D-InSAR to 
monitor small displacements with the same accuracy as that of ground measurement. Berardino 
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et al. (2003) [7] proposed a kinematic model of instability within the investigated time interval for 
the Maratea Valley landslide and acquired consistent data using a Global Positioning System 
(GPS) device. Colesanti et al. (2003) [8] combined the D-InSAR and permanent or persistent 
scatterers (PS) techniques to monitor Southern California and Ancona, and obtained 1 mm 
accuracy. These researchers also monitored areas covered with plants. Singhroy and Molch 
(2004) [9] analyzed debris flow characteristics, rock fall distribution, as well as landslide process 
and mobility through the D-InSAR and RADARSAT model. Catan, et al., (2005) [10] 
demonstrated that D-InSAR can quantitatively determine the nature of a terrain. Singhroy et al. 
(2006) [11] identified slope activities and their causes by analyzing different geological materials 
from the displacement of past landslides; they also adopted corner reflector (CR) techniques. Li, 
et al., (2000) [12] focused on the D-InSAR method, theory and its potential in analyzing surface 
deformation, including the slope. The China Geological Environment Monitoring Institute 
collaborated with the German Earth Environment Research Center in 2005 to monitor landslides 
using CRs and D-InSAR, which achieved a certain effect. However, the actual applications of 
landslide monitoring in China remain few. 

Given the strict limitations of terrain, surface state and atmospheric effects, D-InSAR 
technology is unsuitable for ravine reservoir areas [13-14]. D-InSAR technology has some 
limitations and unsolved problems. The monitoring results by D-InSAR technology displayed a 
planar distribution that obtained different degrees of deformation in the whole study area. It is 
hard to identify the effective displacement caused by rock and soil. Current research 
demonstrated that D-InSAR technology can be used to detect the known landslides, but the 
causes of small deformation in the whole and how to eliminate the error caused by non-rock 
deformation still not been studied. In ravine reservoir area, SAR image susceptible to noise, 
surface topography, atmospheric status and other natural factors, which lead to the mass error 
of monitoring results and reduce the accuracy of data [15]. How to extract the effective SAR 
data and identify the credible zone in the study is also a problem to be solved. 

This study combined SAR programming data with the topography of ravine area and 
through different shooting modes to eliminate limitation of the natural conditions, to extract the 
effective SAR data to ensure the credible zone in the study area. The study through error 
analysis of D-InSAR interferometry results to obtain the error value that caused by non-rock 
deformation (natural conditions, satellite orbit and other factors). By filter the error value in this 
range to obtain real landslide movement deformation and achieve the purpose of landslide 
monitoring. 

The study area is Jinsha River Wudongde Hydropower Reservoir. This paper based on 
geological survey and result of preliminary remote sensing research, through the analysis of 
different topographic factors on D-InSAR data to obtain the credible zone in study area. River as 
PS points and CR points have been taken to estimation the error value range of monitoring 
data. This method provided the theoretical foundation for landslide early detection and provided 
technical support for large hydropower project on geological disaster monitoring and public 
safety monitoring. 

 
 

2. Study Area And Data Selection 
2.1. Study Area 

The center coordinate of the study area is 102°36′N, 26°22′E, which is located near the 
dam site of the Wudongde Hydropower Reservoir. This hydropower reservoir is found at the 
junction of Luquan County in Yunnan Province and Huidong Country in Sichuan Province, 
China. It is one of the key projects of west-east gas pipeline project. Wudongde Hydropower 
Reservoir is a typical area in the southwest ravine reservoir area. The study area and the main 
landslide distribution show in Figure 1. 

 
2.2. SAR Data Selection 

Rainfall is one of the main factors of landslide disaster, landslide moving fast in the 
rainy season. In order to monitoring the deformation before and after rainy season, the authors 
set the shooting time from May to September. 

Given the characteristics of radar remote sensing lateral imaging, SAR images have 
foreshortening, top and bottom displacement (TBD) and shadows [16-17]. The angle of the 
surrounding mountains was observed to determine the incident (IA), which excluded the effects 
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of TBD and shadows. TBD is an extreme foreshortening phenomenon that only occurs when the 
slope is facing toward the shooting direction and the IA is less than the local terrain. The 
generation condition of shadows is the radar beam angle of depression, which is less than the 
back slope gradient angle that only occurs in the back slope. Avoiding shadows in a large 
topography area to improve the data reliability is necessary. 

The Jinpingzi landslide and its surroundings are the major monitoring area. Three 
cross-sectional views are shown in Figure 2. The IA should be larger than the slope gradient 
angle (SGA). Moreover, the sum of the radar beam angle and the back slope gradient angle 
(BSGA) should be less than 90° to avoid top and bottom displacement and shadows. Figure 2 
shows the front slope gradient angle (FSGA) value and the BSGA value of three cross 
sectional, the IA should be larger than the FSGA (α) and less than the BSGA (β). Thus, the 
satellite IA is 40°. 

 
 

 
 

Figure 1. Study Area and Landslide Distribution Map 
 
 

 
 

Figure 2. Section That Focuses on the Study Area 
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The descending orbit direction of the RADARSAT-2 satellite is from northeast to 
southwest, whereas the ascending orbit direction is from southeast to northwest. The shooting 
mode shows in Figure 3. All directions are in the right view. The study area slope is directed 
toward the east; thus, the descending orbit is the best option. The descending and ascending 
orbit program data in 2011 were adopted to demonstrate the results of different times and cover 
all study areas effectively. 

 
 

 
 

Figure 3. Ascending Range and Descending Range 
 
 

Considering all the aforementioned factors, we ordered 8 images from the descending 
orbit data in 2010 (from May to November), 5 images from the descending orbit data in 2011 
(from March to April and from July to September), and 3 images from the ascending orbit data in 
2011 with horizontal–horizontal (HH) polarization, 3 m resolution, a shooting scope of 20 km × 
20 km, and the IA is 39.57°. 

 
 

3. D-InSAR Data Analysis 
One of the interferential images that contain ground deformation is shown in Figure 4. 

The deformation occurred from May 15th, 2010 to July 4th, 2010. The negative value indicates 
the leaving satellite direction. Different degrees of surface deformation in the entire area are 
shown in the map, but whether displacement was caused by landslides and how interferential 
error can be filter to identify moving landslides still not be determined. After years of research on 
SAR data analysis, the authors found the methods to elimination the systematic error that 
caused by topographical features, satellite orbit and other natural factors. 

 
3.1. Effect of Local Incident Angle on SAR Data 

SAR remote sensing and its interferential results are closely related to the topography 
and surface reflection characteristics of the ravine reservoir area. Thus, understanding SAR 
remote sensing and its differential interferometry features is necessary to determine the 
effective range of SAR data analysis. Based on analyze the relationship between SAR data 
backward scattering (BS), coherence coefficient (CC), ascending and descending orbit and 
topography features to find the credible zone. 

The local incident angle (LIA) is a key factor in this research because the close 
relationship between BS and the SAR technique relies on the principle of BS [18]. Identifying 
the relationship between the local incident angle and BS, as well as between LIA and CC, is 
necessary. 

LIA is the angle between the sightline of satellite (Vs) and the surface normal (Vn). As 
shown in Figure 5, α is the slope gradient angle, θ is the satellite IA, θloc is LIA. 
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Figure 4. Surface Deformation Map (m) 
 
 

 
Figure 5. Schematic of Local Incidence Angle 

 
 

 
 

Figure 6. Schematic of Study Area Local Incidence Angle 
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Figure 7 (a) Local Incident Angle and Coherence Coefficient Graph, (b) Local Incident Angle 
and Rate of Change in the Coherence Coefficient Graph, (c) Local Incident Angle and 

Backward Scattering Coefficient Graph, (d) Local Incidence Angle and Rate of Change in the 
Backward Scattering Coefficient Graph 

 
 

 
Figure 8. Credible Zone Distribution of SAR Data, (a)(b)(c) According to the Local Incidence 

Angle Calculated Ascending (left), Descending (middle) and Overlapping (right), Amounting to 
more than 98%, (d)(e)(f) According to the Coherence Calculated Ascending (left), Descending 

(middle) and Overlapping (right), Amounting to more than 91% 
 
 

The IA of RADARSAT-2 descending orbit data is 39.83°, whereas its azimuth is 
189.48°. Through the spatial analysis of DEM in study area (Figure 6(a)) obtained slope 
distribution (Figure 6(b)) and aspect distribution (Figure 6(c)). LIA is determined by sight 
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parameters of satellite, slope and aspect (Figure 6(d)). LIA classified per 10 degrees as a group, 
as shown in Figure 7 means the relationship between LIA and the average of CC and BS. The 
LIA and the CC graph are shown in Figure 7(a). The LIA and rate of change in the CC graph are 
shown in Figure 7(b). The LIA and the BS graph are shown in Figure 7(c). The LIA and the rate 
of change in the BS graph are shown in Figure 7(d). These graphs indicate the close 
relationship between the CC, BS and the LIA. The CC and BS decreased with the increasing 
LIA. These trends indicate that the LIA is approximately 40° to 50°. The LIA of 50° is considered 
as the credible zone. 

 
3.2. SAR Data Credible Zone 

Various satellite shooting modes results in different areas with layovers and shadows 
[19]. Thus, the monitoring results of these areas are unreliable. The overlapping (mix of 
ascending and descending operations) calculation method is an effective approach to monitor a 
study area. As shown in Figure 8(a), 8(b), and 8(c), the overlapping calculation method and the 
credible zone covered over 98% based on the LIA of 50°. As shown in Figure 8(d), 8(e), and 
8(f), the overlapping calculation method and the credible zone covered over 91% based on the 
calculated CC of 0.18. The proposed method is effective by using overlapping calculation. The 
results shown in Figure 8 combined ascending and descending orbit shooting modes, and the 
credible zone covered the entire study area. 

 
 

4. Error Analysis 
The D-InSAR technique uses phase measurements to obtain the characteristics of the 

target area and deformation information. An interferometric image contains topographic 
information, surface information, and phase delay caused by atmospheric activities that are 
sensitive to micro-deformation [20]. If the deformation is not caused by landslide movement, it 
will directly influence the differential results. 

 
4.1. Error Sources Analysis of D-InSAR Monitoring Results 

D-InSAR technology is widely used in landslide monitoring, but due to restriction of 
many factors it has not mature yet, there is a big error. It is necessary to analysis where are the 
errors come from. 

 
4.1.1. Atmospheric Effect 

Due to the factors such as clouds, atmospheric and ionosphere caused radar echo 
signal phase delay phenomenon called atmospheric delay [21]. In the three-pass method, the 
three imaging time interval for several cycles. In the imaging observation time, the influence of 
atmospheric fluctuations, especially tropospheric humidity and temperature changes, produced 
the different phase delay. D-InSAR monitoring tiny deformation, the phase delay shows in the 
deformation map as error value, which reduces the accuracy of D-InSAR monitoring results. 

Using two-frequency or multi-frequency observation methods can reduce the influence 
of ionosphere on D-InSAR monitoring results, but water vapor changes dramatically in 
tropospheric and irregularity. Thus, the influence of tropospheric activity for SAR monitoring 
accuracy became one of difficult problems on D-InSAR monitoring technical. 

 
4.1.2. Phase Decorrelation 

Phase decorrelation is a serious problem that limits the application of the D-InSAR 
technique [22]. Besides baseline length and slightly non-parallel tracks, other external 
conditions can also lead to phase decorrelation, such as time, rapid movement, cover plant, air-
conditioners, humidity and excessive landslide deformation. Selecting reasonable data 
increases their relevance. Phase decorrelation divided into spatial decorrelation, time 
decorrelation and target decorrelation. 

During the heavy rail shooting model, satellite shot many times on the same area. The 
two any two shots spatial positions were unable to achieve coincidence. The space position 
changes caused geometry changes, echo phase shift. This phenomenon called spatial 
decorrelation. Time decorrelation is mainly due to the changes of target coherent scattering 
characteristics, access to signal decorrelation in the same area. 
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In summary, although D-InSAR monitoring method with high precision in theoretical, but 
under the influence of various conditions, the error is large. There are several methods to solve 
the problems about atmospheric delay and phase decorrelation: First, unwrapping under 
conditions of low coherence. Second, deformation phase and atmospheric delay phase 
separation in deformation phase. The former is used a small amount of interferometric phase to 
restore the real phase, needs discrete phase unwrapping to inverse the surface changes. The 
latter is separated atmospheric delay phase from interferometric phase to improve the accuracy 
of calculated volume. Although D-InSAR technology with low accuracy of landslide monitoring, it 
is feasible to identify the landslides in ravine reservoir area. 

 
4.2. Error Estimation 

The D-InSAR technique uses phase measurements to obtain the characteristics of the 
target area and deformation information. An interferometric image contains topographic 
information, surface information, and phase delay caused by atmospheric activities that are 
sensitive to micro-deformation [23]. If the deformation is not caused by landslide movement, 
then it will directly influence the differential results. 

Errors are produced in many aspects of SAR imaging and differential interferometry 
processing. Atmospheric effects, particularly on atmospheric water vapor, are among the main 
errors in InSAR [24]. Moderate-Resolution Imaging Spectroradiometer (MODIS) satellite data 
were used to retrieve atmospheric water vapor directly from remote sensing images and to 
remove atmospheric effects from the monitoring results to solve the aforementioned problem 
[25]. 

CR-InSAR and PS-InSAR are used to quantitatively analyze the error value. PS–InSAR 
technique will be used to eliminate errors when data accumulate to a certain amount [26]. PS 
points have high phase correlation and small pixels in a long time interval, although baseline 
length exceeds the critical baseline. CR points can overcome the limilations of place, including 
the lack of man-made objects and rocks. Monitoring deformations were considered as errors to 
analyze monitoring results of the PS points and CR points in stability region. Thus, the 
monitoring deformation from CR points and PS points is caused by errors, the displacement 
values are error values.  

 
4.2.1. River as a Stable Point for Estimating Errors 

As considered that the changes in PS were caused by rock and soil lifting or falling, 
whereas incident and reflection changes were caused by the atmospheric environment or orbital 
changes. Dispersion statistics represent the stability of the BS. Extremes characterized the 
changes in the BS. A geographic information system (GIS) software raster calculator was used 
to compute the BS extremes of eight images in 2010. A larger extreme indicates more unstable 
data, and vice versa. 

 
 

 
 

Figure 9. D-Insar Data Rivers Fixed Point Selected Area  
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This study considered the changes in the BS to be less than or equal to that of the river 
in the stability area. The main changes were caused by the atmospheric environment or orbital 
changes. Seven selected areas near the Jinsha River, each measuring 6m×6m, were observed 
to study river data characteristics and attempted to select the equidistant point to better 
represent the variation in river’s BS. The selected area is shown in Figure 9. The changes in the 
BS as Maximum (Max), Minimum (Min), and Mean in the selected area as shown in Figure 10. 

The chart indicates the following conditions. 
1. The BS associated with specific morphological conditions of rivers is small. 
2. The changes are small at different time periods considering that the BS of the river is 

stable. 
3. Moving tendency of BSs are basically the same in the selected area, except that in 

image No. 5, which is caused by the atmospheric environment or orbital changes. 
 
 

 
 

Figure 10. Rivers Fixed Point Backward Scattering Coefficient Change Chart 
 
 

The total grids were 39875, Min was 0.035, Max was 4.620, and Mean was 0.204, as 
computed by the raster calculator. The BSs that were less than 0.25 were centralized in the 
river area, which indicates that the coefficients with such values were located in the stable area. 
The movement in the stable area was not caused by landslide movement. The error value was 
approximately 4cm to 6cm, which was caused by the atmospheric environment or orbital 
changes. The minimum value of landslide movement that can be identified by D-InSAR was 4 
cm to 6cm. Given the terrain and topography features, the error value was larger than the 
theoretical error value. 
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4.2.2. CR Point Error Analysis 
The CR points (1m×1m) were laid around the Jinpingzi landslide to study its peripheral 

data. The CR points were considered as the stable point that did not affect surface movement 
[27]. We analyzed vertical and horizontal displacements after SAR data processing. The results 
are shown in Figure 11, whereas the CR points are shown in Figure 9. 

The CR points were the stable point, wherein surface movement did not occur. SAR 
movement was caused by the atmospheric environment or orbital changes. The error value was 
approximately 5cm, which is consistent with the error value based on the result of the river point 
analysis. 

 
 

 
 

Figure 11. CR Point Displacement Changes Curve, (a) Vertical Displacement Changes Curve 
 (b) Horizontal Displacement Changes Curve 

 
 

5. Conclusion 
Through the comprehensive analysis of D-InSAR data and topographic features in 

ravine reservoir area, there are several conclusions as follows: First, when the LIA larger than 
50°, CC and BS are reduced significantly. The interference results are poor, regional area 
cannot be trusted. Using single shooting model in the same area cannot cover the whole area. 
Using the LIA of 50°, CC of 0.18 and overlapping orbit shooting modes, SAR data credible zone 
can covered the entire zone. Second. River as the stable points and CR points are used to error 
analysis, the systematic error caused by atmospheric conditions is about 4cm to 6cm. In the 
other wards, it is hard to detect the landslide movement by D-InSAR technique in this error 
range. This study proposed qualitatively error value based on D-InSAR data analysis and 
analyze the causes of error, to lay the foundation for the landslide early detection theory. 
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