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Abstract: In Wenchuan, China, which was severely affected by an M8.1 earthquake in 2008, the
geomorphic process has been driven by gravitational erosion brought on by post-shock rockfalls
and landslides. However, a process-based delineation of the post-shock landscape modification
using quantitative methods employing mathematical modeling and control experiments has not
yet been successfully undertaken. This is due to the areas’ substantial sediment yield and growing
transportation capacity. This study looked into 31 minor watersheds along the Minjiang River’s
Wenchuan–Yingxiu stretch. Additionally, a digital gully model based on multi-source remote sensing,
Geographic Information System (GIS), Differential Intereferometric Synthetic Aperture Radar (D-
InSAR), and amplitude tracking technology was created for the quantitative estimation of post-shock
gravity erosion and sediment yield by comparison of three-dimensional topographical alternation
(before and after the shock). Following regression analysis, a useful model for sediment yield
estimation was suggested. The following conclusions were reached: (1) There was a considerable
favorable effect between an angle of 50 and 70 degrees, and various geomorphological parameters had
scale effects. Gravitational sediment yield modulus displayed a positive power function relationship
with relative relief and surface fragmentation, but there was no clear correlation between the modulus
and slope, relative relief, or surface fragmentation at the watershed scale; (2) Both the budget for
post-shock geo-materials and the production of sediment from gravity erosion showed an annual
trend of decline; (3) A 10–20-year active period would be recognized by gravity erosion.

Keywords: slope movement; erosion; radar remote sensing; sediment yield characteristics; geomorphic
effect; watershed

1. Introduction

Earthquakes can alter the geological environment and microtopography in the affected
areas [1]. They can also produce vast quantities of loose geomaterials that build up at the
base of slopes and valley banks, which fully prepare the area for ensuing gravity erosion
and sediment transport [2].

The 2008 Wenchuan earthquake in China resulted in more than 60,000 collapses
and landslides as well as billions of cubic meters of loose solid deposits [3,4]. There
were 3863 collapses, 18 landslides, and 280 million cubic meters of loose materials in the
Wenchuan–Yingxiu area of the upper reaches of the Minjiang River [5,6]. Debris flow
occurred in the Niuquangou Gully, the Wenchuan earthquake’s epicenter, on 28 June 2008,
and later on 26 September as a result of sediment discharge of over 150,000 m3, destroying
the old G213 national highway [7]; on 13 August 2010, the Hongchun Gully, close to the
Niuquangou Gully, flushed out 700,000 m3 of geo-material. The G213 roadway had to be
continuously rebuilt or rerouted as a result of the aforementioned damages, which even
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prompted Caopo Town to move [8,9]. For years, post-shock collapses, landslides, slope
erosion, and sediment yield have plagued the area, posing serious challenges to its recovery
as well as to the environment, public safety, and social and economic growth (Figure 1) [10].
Our prior awareness of its potent ability to destroy and generate significant amounts of silt
was lacking.
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tics [17,18], rainfall [19], runoff [20], and underlying surface are a few examples of the 
factors that have been the subject of research [21]. Additionally, some researchers devel-
oped a classification of gravity erosion sediment yield (here referred to as gravity erosion 
sediment yield (GESY)) and explained the gravity erosion type and its genesis from a gully 
slope system [22,23]. Others have attempted to analyze the characteristics of sediment 
yield in a gully slope system quantitatively using 3S (Remote Sensing, Global Position 
System and Geographic Information System) technology [24–26], close-range photogram-
metry [27], three-dimensional laser [28], etc., in combination with numerical simulation 
methods [29]. The movement of the post-shock slope is irregular, chaotic, and complicated 
in both time and space. The focus of research is currently shifting from qualitative descrip-
tion to qualitative analysis. Unfortunately, studies on post-shock gravity erosion in China 
have mostly focused on the Karst and Loess Plateau regions, with little attention paid to 
the post-earthquake areas. Therefore, it is still unclear what erosion and sediment produc-
tion look like and how they affect the geomorphic system at various time and spatial scales 
[30,31]. 

The aim of this study is to summarize the characteristics of sediment yield by gravity 
erosion in post-earthquake landslide, quantitatively analyze the geomorphic effect of 
gravity erosion and sediment production, and predict the trend of sediment production 
by gravity erosion and landslide after an earthquake. In addition to providing a scientific 
foundation and engineering design guidelines for avoiding and managing geological dis-
asters and regulating river sediment in high-intensity earthquake zones, this research will 
expand our understanding of the process and law of post-shock gravity erosion. 

Figure 1. (a) Deposits of 15 m in depth in the channel of the Minjiang River at Yiwanshui Village,
Yinxing Town, Wenchuan County, China on 13 August 2010 [11]; (b) Siltation of 20 m in depth in the
channel of the Minjiang River at the Xianfeng village, Caopo town, Wenchuan County, China on 10
July 2013 [12]. Dotted circles indicate the extent of sedimentation.

There is little quantitative research on post-shock erosion and sediment output. The
majority of researchers used secondary measured data to perform quantitative evaluations
on the gravity erosion mechanism of gully systems [13], morphological evolution [14],
sediment source, and vertical zonation [15], but they still rely on channel or section survey-
based data analysis. Watershed morphology [16], geomorphological characteristics [17,18],
rainfall [19], runoff [20], and underlying surface are a few examples of the factors that
have been the subject of research [21]. Additionally, some researchers developed a clas-
sification of gravity erosion sediment yield (here referred to as gravity erosion sediment
yield (GESY)) and explained the gravity erosion type and its genesis from a gully slope
system [22,23]. Others have attempted to analyze the characteristics of sediment yield in a
gully slope system quantitatively using 3S (Remote Sensing, Global Position System and
Geographic Information System) technology [24–26], close-range photogrammetry [27],
three-dimensional laser [28], etc., in combination with numerical simulation methods [29].
The movement of the post-shock slope is irregular, chaotic, and complicated in both time
and space. The focus of research is currently shifting from qualitative description to quali-
tative analysis. Unfortunately, studies on post-shock gravity erosion in China have mostly
focused on the Karst and Loess Plateau regions, with little attention paid to the post-
earthquake areas. Therefore, it is still unclear what erosion and sediment production look
like and how they affect the geomorphic system at various time and spatial scales [30,31].

The aim of this study is to summarize the characteristics of sediment yield by gravity
erosion in post-earthquake landslide, quantitatively analyze the geomorphic effect of
gravity erosion and sediment production, and predict the trend of sediment production
by gravity erosion and landslide after an earthquake. In addition to providing a scientific
foundation and engineering design guidelines for avoiding and managing geological
disasters and regulating river sediment in high-intensity earthquake zones, this research
will expand our understanding of the process and law of post-shock gravity erosion.
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2. Materials and Methods
2.1. Study Area and Data Sources

The Wenchuan–Yingxiu portion is located in the upper sections of the Minjiang River
in Wenchuan County, Sichuan Province, China, between the latitudes of 30◦59′32.75′′ and
31◦29′27.28′′N and from 103◦20′50.73′′ to 103◦40′7.08′′E. The Qiang, Tibetan, and other
Sichuan ethnic minorities have lived permanently in this area for generations, and it has
long served as a vital transportation route linking the Sichuan Basin and the Tibet Plateau
(Figure 2).
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The research region is a typical alpine and canyon landform, with elevations between
780 m and 6250 m, and is characterized by an inclined topography with highlands in the
northwest and lowlands in the southeast. An active major fault that is intimately linked to
the Wenchuan earthquake slants through the region as a result of the ongoing neotectonic
processes in Tibet. This fault exhibits regular seismic activity, complex geological forma-
tions, and strata that are primarily made of granite, phyllite, and diorite. The vegetation
types are mainly arid shrub vegetation with medium-drought-tolerant plants, which can be
divided into coniferous forest, mixed coniferous broad-leaved forest, broad-leaved forest,
shrub, meadow, alpine vegetation, and cultivated vegetation. The annual Normalized
Difference Vegetation Index (NDVI) showed an upward trend before the 2008 Wenchuan
earthquake, a downward trend during the earthquake, and an upward trend during the
post-earthquake recovery period.

Regarding Supodian, a village at the southern end of the Minjiang River valley, the
research region can be divided into two distinct climate zones along the Minjiang River.
With an average annual precipitation of 1285.1 mm, the area south of Supodian is renowned
as one of the rain centers in western Sichuan and has a subtropical humid monsoon
climate [32]. A typical dry hot valley region with a semi-arid monsoon climate, 526.3 mm
of annual precipitation, and an asymmetrical seasonal distribution may be found in the
north [33]. Wenchuan–Yingxiu was a typical location before the earthquake, plagued
by collapses, rockfall, landslides, and debris flows [34]. The earthquakes have become
worse, making this China’s most vulnerable region to geohazards and gravity erosion. This
location is particularly well-suited for investigations of slope movement after an earthquake
and gravity erosion.
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From 2008 to 2010, four events of slope deformation and gravity erosion were observed
and quantitatively analyzed. ALPSRP radar pictures, ADS40 aerial remote sensing photos,
1:10,000 digital topographic maps, 3D laser scanning data, and field survey data were the
main data sources used in this investigation. They utilized the four Sentinel-1 satellite scene
descending orbit photos from 2015 to 2016 and the eight scene ascending orbit images of the
ALOS satellite from 2007 to 2010 (Table 1). Interferential data with azimuth were acquired
using image focus and multi-view processing (1–3) to suppress speckle noise, with ground
resolutions of 9.55 m and 7.9 m, respectively. This created a very accurate three-dimensional
digital terrain model (DTM) and slope deformation field using geocoding of the Doppler
distance equation, cutting, and interference processing.

Table 1. Remote sensing images of the research area from 2008 to 2016.

Image Name Acquiring Date (d-m-y) Data Type Resolution/m

ALPSRP054640610 2 February 2007

FBS 10 × 10

ALPSRP101610610 21 December 2007
ALPSRP108320610 5 February 2008
ALPSRP128450610 22 June 2008
ALPSRP162000610 7 February 2009
ALPSRP202260610 10 November 2009
ALPSRP215680610 10 February 2010
ALPSRP262650610 29 December 2010

S1A_IW_SLC__1SSV_20150314T230352_20150314T230418_005034_006511_0B1A 14 March 2015

IW 5 × 20
S1A_IW_GRDH_1SSV_20151016T230413_20151016T230438_008184_00B80E_6266 16 October 2015

S1A_IW_GRDH_1SSV_20160120T230405_20160120T230430_009584_00DF1D_B83D 20 January 2016
S1B_IW_GRDH_1SSV_20161227T230331_20161227T230356_003588_006251_E403 27 December 2016

To characterize different types of gravity erosion and define the boundaries between
gravity erosion and sediment generation, surface coverage information from the research
region was extracted from three periods of ADS40 aerial remote sensing data from 2008/05,
2009/05, and 2010/05 with a ground resolution of 2 m. It was then followed by the use of
object-oriented and random forest algorithms, which can extract underlying information
about the earth’s surface, such as the type of vegetation coverage, the amount of undis-
turbed bare land, the amount of newly added bare land, and the type and range of gravity
erosion caused by post-shock slope movement in the study area.

This resulted in a 5 m resolution digital elevation model (DEM) based on a 1:10,000
digital line graphic (DLG) of Wenchuan County from the National Catalogue Service
for Geographic Information, which was primarily intended for oblique DEM conversion,
micro-geomorphology categorization, geomorphology component extraction, various data
registration, and fine correction. A single geographical data framework was created using
ArcGIS 10.2, and the watershed’s morphological parameters as well as macro- and micro-
geomorphic components were then extracted using hydrological analysis, topographic
analysis, and spatial analysis.

Since 2008, in situ observations employing the AST-320 total station, IRTK2 BX
GNSS, Riegl2000, and other equipment have been planned sequentially on an annual
basis to undertake regular deformation measurements for typical downslope movements
(Figure 3). Data from landslides, laser point clouds, and orthophoto images were gathered
in conjunction with the IFLY D6 unmanned aerial vehicle to aid in the separation and
extraction of micro-geomorphology units and calibrate our suggested model of sediment
yield calculation.
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2.2. Construction of Digital Slope–Ditch System

This study divided geomorphic elements causing post-shock gravity erosion into two
categories: macro-geomorphic factors and micro-geomorphic factors, depending on the spa-
tial scale and intensity of geomorphological conditions. A digital slope–groove model for
estimating erosion yield was built using Geographic Information System (GIS), Differential
Intereferometric Synthetic Aperture Radar (D-InSAR), and amplitude tracking technology.

2.2.1. Micro-Geomorphic Factors

A slope body and its accompanying micro-geomorphology, which is also the smallest
unit for sediment generation, storage, and migration, are where downslope movement
forms, develops, and evolves. In terms of surface undulation or curvature, slope bodies can
be divided into four categories: linear slope, concave slope, convex slope, and compound
slope. In general, the compound slope is a combination of the first three fundamental forms
of slope body [35].

Slopes were divided into six types of micro-geomorphic features based on the gradients
of the slopes in the study area: flat or terrace, gentle slope, steep slope, abrupt slope,
and precipitous slope, with corresponding critical slope gradients of 8, 15, 25, and 70,
respectively. According to various academic opinions in geography, soil science, and soil
and water conservation science, a region with a slope angle between 0 and 8 degrees is
considered flat ground or a platform. This is what is meant by the determination of an
essential slope gradient. Additionally, the crucial slope angle of 70 degrees was added
to the previously mentioned gradient division while taking into account the formation
circumstances and evolutional traits of in situ landslides or rockfalls. Slopes were divided
into five groups based on their relative height differences: extremely low slope, low slope,
medium slope, high slope, and extremely high slope, with corresponding essential elevation
differences of 20 m, 50 m, 100 m, and 200 m. The slopes in the research area were divided
into 26 micro-geomorphic units based on slope and relative height difference (Table 2).
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Table 2. Slope classification criteria in micro-geomorphic units.

Gradient (◦)

Relative (m)
Very Low (0–20) Low (20–50) Medium (50–100) High (100–200) Extremely High

(>200)

Flat (0–8) Terrace/Flat

Gentle (8–15) Gentle side slope Gentle, low
slope

Gentle, middle
Slope Gentle, high slope Gentle, extremely

high slopes

Medium (15–25) Gradual side slope Gradual low
slope Gradual mid-slope Gradual, high slope Gradual, extremely

high slope

Steep (25–50) Steep side slopes Steep, low slope Steep, mid-slope Steep; high slope Steep, extremely high
slope

Extreme steep
(50–70)

Extremely steep
side slope

Extremely
steep, low slope

Extremely steep,
middle slope

Extremely steep,
high slope

Extremely steep,
extreme slopes

Vertical steep
(70–90)

Vertical steep side
slope

Vertical steep,
low slope

Vertical steep,
mid-slope

Vertical steep, high
slope Cliff

2.2.2. Macroscopic Geomorphic Factors

The research on post-shock gravity erosion used small watersheds with a range of
spatial dimensions as a macroscopic morphological unit. The macroscopic geomorphic
factors watershed area (A), watershed perimeter (Pe), roundness ratio (Rc), relative elevation
difference (HD), average elevation (Hm), gully bed gradient (I), and surface fragmentation
(DD), which represent the macroscopic external dynamic conditions and material migration
capacity for the formation and evolution of geohazards, are defined as the following:
watershed area, watershed perimeter, roundness ratio, relative elevation difference, average
elevation, gully bed gradient, and surface fragmentation.

Next, 1:10,000 digitized topographic maps were converted into DEM at 1 m intervals
using ArcGIS 10.2. The traffic thresholds of the three-level watershed in the study region
were calculated using the 4-neighbor flow direction technique, and they were 20,000, 2000,
and 500, respectively. To undertake topology reconstruction and to finish coding and
splitting each watershed, the three-level water system and its related watershed units
were extracted. To reduce the impact of factors brought on by data precision, parameter
calibration, and generalization of pertinent models, topology inspection and man–machine
interactive editing were conducted in conjunction with high-resolution remote sensing
photos and field survey data. A total of 31 watersheds were ultimately created using
macro-geomorphological elements and other criteria, calculated as shown in Table 3.
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Table 3. Gravity erosion and sediment yield for each watershed in the study area from 2008 to 2010 and from 2015 to 2016.

SN. Debris Flow
Gully

2007 2008 2009 2010 2015 2016 Macro-Geomorphic Factors

Sediment
Yield

(106 m3)

Sediment
Production
Modulus
(m/Time)

Sediment
Yield

(106 m3)

Sediment
Production
Modulus
(m/Time)

Sediment
Yield

(106 m3)

Sediment
Production
Modulus
(m/Time)

Sediment
Yield

(106 m3)

Sediment
Production
Modulus
(m/Time)

Sediment
Yield

(106 m3)

Sediment
Production
Modulus
(m/Time)

Sediment
Yield

(106 m3)

Sediment
Production
Modulus
(m/Time)

A Pe Rc HD Hm I DD
(km·km−2)

1 Luoquanwan 0.0045 0.0002 9.9171 0.3526 3.1703 0.1127 1.38 0.05 0.9353 0.0332 0.3164 0.0112 28.13 22.1 0.72 2372.86 2250.79 0.03 1.08
2 Yinxingping 0.014 0.002 1.6615 0.2397 1.0219 0.1474 0.35 0.05 0.1116 0.0161 0.0406 0.0059 6.93 10.81 0.75 1983.9 2016.42 0.03 0.53
3 Fotangba 0.0169 0.0005 9.6362 0.2993 2.7999 0.087 1.73 0.06 1.3627 0.0423 0.9264 0.0288 32.19 22.18 0.82 2328.51 2357.38 0.03 1.01
4 Muozi 0.0006 0.0001 2.2771 0.4427 0.4634 0.0901 0.27 0.05 0.0859 0.0167 0.0103 0.002 5.14 9.76 0.68 1519.76 1723.93 0.03 0.72
5 Dashui 0 0 0.9657 0.3757 0.2951 0.1148 0.12 0.05 0.0504 0.0196 0.0064 0.0025 2.57 6.78 0.7 1560.34 2057.39 0.05 0.65
6 Gaodianzi 0.0018 0.0003 1.9723 0.2865 0.2115 0.0307 0.12 0.02 0.2356 0.0342 0.0189 0.0027 6.88 11.33 0.67 2244.76 2412.3 0.04 0.62
7 Taoguan 0.0863 0.0017 20.5043 0.4034 3.3878 0.0667 1.99 0.04 1.6542 0.0325 1.1493 0.0226 50.83 30.36 0.69 2932.14 2501.53 0.03 1.05
8 Banqiao 0.2972 0.011 7.7322 0.2854 1.5591 0.0575 0.69 0.03 1.1204 0.0413 0.0462 0.0017 27.1 23.03 0.64 2874.57 2894.91 0.04 1.02
9 Daxi 0.0846 0.0054 4.5705 0.2922 0.8168 0.0522 0.45 0.03 0.5447 0.0348 0.0546 0.0035 15.64 16.04 0.76 2772.47 2796.61 0.03 1.04
10 Cili 0.0727 0.0105 1.8136 0.2614 0.4726 0.0681 0.26 0.04 0.2814 0.0406 0.1033 0.0149 6.94 11.9 0.62 1810.44 2147.41 0.06 0.59
11 Qipan 0.3728 0.0071 14.7269 0.2819 5.827 0.1115 2.75 0.05 2.2107 0.0423 0.4712 0.009 52.24 33.26 0.59 3029.69 2878.6 0.04 1.02
12 Cutou 0.0021 0.0001 10.0538 0.4744 2.9899 0.1411 1.82 0.09 1.0084 0.0476 0.11 0.0052 21.19 18.77 0.76 2702.21 2521.32 0.03 1.11
13 Sucun 0 0 5.2727 0.5588 1.1861 0.1257 0.36 0.04 0.377 0.0399 0.0247 0.0026 9.44 13.13 0.69 2211.35 2165.96 0.04 0.87
14 Manianping 0.009 0.0002 28.0181 0.6592 7.6888 0.1809 3.87 0.09 1.9087 0.0449 0.2335 0.0055 42.5 29.57 0.61 3627.41 2965.94 0.04 1.15
15 Banzi 0.0382 0.0007 28.3444 0.5422 7.3768 0.1411 2.81 0.06 2.3197 0.0444 0.5263 0.0101 52.28 31.9 0.65 3612.64 3090.2 0.05 1.14
16 Xinqiao 0.0044 0.0003 4.3108 0.272 1.4012 0.0884 0.7 0.05 0.7694 0.0485 0.2763 0.0174 15.85 15.42 0.84 2026.88 2489.44 0.06 1.05
17 Chediguan 0 0 9.2659 0.5349 1.4078 0.0813 0.94 0.06 1.1989 0.0692 0.1916 0.0111 17.32 17.05 0.75 2252.66 2271.29 0.04 1.12
18 Niujuan 0.002 0.0002 9.8063 0.9684 2.4652 0.2435 1.25 0.13 0.4847 0.0479 0.0944 0.0093 10.13 14.86 0.58 1821.78 1831.86 0.03 1.4
19 Hongchun 0.0111 0.0023 2.283 0.4649 0.6608 0.1346 0.49 0.1 0.118 0.024 0.0071 0.0015 4.91 8.47 0.86 1193.44 1462.16 0.04 0.72
20 Shaofang 0 0 0.2594 0.5604 0.1648 0.2925 0.04 0.07 0.0191 0.0341 0.0003 0.0005 0.56 3.19 0.7 785.77 1308.21 0.05 1.39
21 Xiaojia 0 0 0.1898 0.5399 0.0208 0.0592 0.02 0.04 0.0075 0.0214 0.0014 0.004 0.35 2.72 0.6 706.74 1194.55 0.06 1.31
22 Longwangmiao 0 0 0.128 0.4937 0.0077 0.0297 0.01 0.02 0.0059 0.0228 0.0006 0.0023 0.26 2.33 0.6 608.76 1103.81 0.07 1.21
23 Mozi 0 0 3.092 0.4258 0.3519 0.0485 0.08 0.01 0.1723 0.0237 0.0321 0.0044 7.26 11.53 0.69 1993.16 2276.48 0.04 0.69
24 Er 0.0202 0.0005 27.5118 0.6706 8.4869 0.2069 4.99 0.12 1.5806 0.0385 0.8007 0.0195 41.03 31.63 0.52 3109.45 2739.45 0.03 1.11
25 Taiping 0.0061 0.0002 10.9445 0.4019 3.5221 0.1293 2.95 0.11 0.6201 0.0228 0.1199 0.0044 27.23 23.28 0.63 2156.78 1989.09 0.03 1.02
26 Yeniu 0.0195 0.0008 14.1861 0.5987 6.334 0.2673 2.9 0.12 1.009 0.0426 0.1811 0.0076 23.7 19.56 0.78 2866.03 2545.82 0.03 1.15
27 Yiwanshui 0 0 1.3363 0.3691 0.1488 0.0411 0.09 0.03 0.0059 0.0016 0.059 0.0163 3.62 7.32 0.85 1229.8 1601.95 0.04 0.64
28 Zhangjia 0.0008 0.0001 5.543 0.7499 2.33 0.3152 0.95 0.13 0.1423 0.0193 0.0451 0.0061 7.39 11.56 0.7 2565.99 2390.27 0.02 0.94
29 Gaojia 0.0013 0.0003 7.1662 1.6745 1.3592 0.3176 0.53 0.12 0.1692 0.0395 0.0685 0.016 4.28 8.5 0.75 1752 1954.09 0.04 1.28
30 Shuzhuangtai 0 0 0.3939 1.2788 0.2077 0.6745 0.06 0.17 0.0056 0.0182 0.0003 0.0011 0.31 2.89 0.46 713.04 1232.65 0.08 0.79
31 Mayangzhan 0 0 2.3478 0.8604 0.5605 0.2054 0.32 0.12 0.0795 0.0291 0.0374 0.0137 2.73 6.96 0.71 1647.49 1891.74 0.03 1.12

A, Pe, Rc, HD , Hm, I, and DD are, respectively, defined as watershed area, watershed perimeter, roundness ratio, relative elevation difference, average elevation, gully bed gradient, and
surface fragmentation.
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2.3. Gravity Erosion Deformation Field

Amplitude Tracking and D-InSAR were combined to retrieve deformation data. In
a digital valley system, landforms and ground features were categorized using object-
oriented techniques. A high coherence area was defined as an area with relatively stable
formation, little to no major slope deformation, and highly coherent ground characteristics.
In order to identify the minor deformation in the high coherence region, the interferometric
processing of the radar images acquired before and after each episode of downslope
deformation was carried out using D-InSAR’s two-track approach. Low coherence zones
are regions with significant surface deformation and substantial gravitational erosion. In
the case of the optimized matching window size of 256 pixels by 256 pixels, the Amplitude
Tracking technology could obtain the best deformation information and calculate the
big deformation value in the low coherence region. To integrate the deformation fields
in various regions, extract the time-series deformation data of each event of downslope
movement, and construct a 3D deformation field model of post-earthquake gravity erosion
based on geomorphology unit, ArcGIS 10.2 spatial analysis and vector grid transformation
tools were also used. To compute the sediment yield characteristics and regularity of
gravity erosion of each landslide, the deformation field and various types of gravity erosion
areas were superimposed and examined [36].

2.4. Prediction Model of Gravity Erosion and Sediment Yield Due to Post-Shock Slope Movement

To determine source recharge and sediment yield for each episode of erosion event, an
analysis of the deformation field overlapping with the watershed unit in the research region
was conducted, and the results were then compared to field observations. Comparing the
measured or survey data of solid material outflow in a few debris flow catastrophes in the
research region has some practicability (the relative error is 1.58–14.12%) (Table 4) [37].

Table 4. Comparison table between calculated and measured values of debris flow gully.

Gully Erosion
Episode

Calculated
Volume/m3

Measured
Volume/m3

Absolute
Error/m3

Relative
Error/% Source

Linhuaxin 12 May 2008 62.26 64.40 2.14 3.32 Han Y.S. et al., 2018
Linhuaxin 22 August 2009 37.77 33.60 4.17 12.42 Han Y.S. et al., 2018
Linhuaxin 14 August 2010 33.16 30.20 2.96 9.81 Han Y.S. et al., 2018
Hongchun 14 August 2010 81.77 80.50 1.27 1.58 Li, D.H. et al., 2012

Mozi 13 August 2010 52.56 55.00 2.44 4.44 Han M. et al., 2016
Niujuan 14 August 2010 116.40 102 14.40 14.12 Han Y.S. et al., 2012

By using the methods of multi-factor correlation analysis and principal component
analysis, the quantitative link between gravity erosion and geomorphological elements of
post-earthquake downslope movement was investigated, identifying the primary geomor-
phological factors affecting sediment production. Based on the equilibrium of loose solid
geo-material and sediment yield due to post-shock downslope movement, a regression
analysis prediction model for post-shock gravity erosion and sediment yield was built,
and the evolution trend of the sediment yield by gravity erosion after the earthquake was
analyzed (Figure 4).
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3. Results
3.1. Characteristics of Erosion and Sediment Production
3.1.1. Characteristics of Erosion and Sediment Yield at a Watershed Scale

The post-shock slope movement in the watershed that caused the sediment production
has distinct characteristics of erosion and accumulation along their transportation path.
According to Figure 5 and Table 4, between 2008 and 2010 and from 2015 to 2016, respec-
tively, the total amount of erosion and sediment production by downslope movement
in 31 watersheds of the study area was 246.2 × 106 m3, 68.71 × 106 m3, 35.27 × 106 m3,
20.59 × 106 m3, and 2.23 × 106 m3, with erosion moduli of 0.47 m/a, 0.13 m/a, 0.07 m/a,
and 0.04 m. Twelve valleys—Banzi, Manianping, Er, Taoguan, Qipan, Yeniu, Taiping, Tutou,
Luoquanwan, Niuquan, Fotangba, and Chediguan had higher sediment discharge rates,
which were responsible for 78.36%, 80.73%, 83.36%, 76.76%, and 68.12%, respectively, of
the total erosion in the study region. Due to the large gully area and favorable hydrody-
namic circumstances, where the collapse and landslide were more developed through the
Wenchuan earthquake main fault zone and located on the upper body of the main fault
zone, with cracked and broken hillsides, it exhibits an increasing trend over time. As a
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result, the drainage region is directly impacted by the erosion and sedimentation brought
on by post-shock collapse and landslides.
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Figure 5. Gravity erosion deformation field in various watersheds in the study area from 2007 to
2016. The Numbers 1–31 in the figure represent the watershed number.

Gravity erosion was defined in a watershed with a longer main channel and a big
ratio of its relative height difference to its length by first accumulating and then scouring.
This implied that, during periods of intense rainfall, collapses and landslides regularly
happened with loose solid material moving, eroding, and collecting along slopes and
channels. The average erosion depth for each main channel was 1 m, which was consistent
with other studies.

3.1.2. Characteristics of Gravity Erosion and Sediment Production in the Main Stream of
the Minjiang River

After the Wenchuan Earthquake, rehabilitation and restoration initiatives forced the
majority of the local population to relocate; as a result, there was less geomorphological
disruption, such as sand mining in riverbeds. In the Minjiang Valley, 31 offshoot valleys
and river banks contributed the majority of the sediment outputs (Figure 5, Table 5). In
response to an average depositing height of 0.60 m, 0.19 m, 0.16 m, 0.03 m, and 0.002 m
(Depositing height = Accumulation sediment/River area), it was discovered that there
was a trend of yearly accumulation in the Minjiang Valley with accumulation amounts of
5.36 × 106 m3, 1.74 × 106 m3, 1.41 × 106 m3, 0.27 × 106 m3, and 0.02 × 106 m3. For three
years following the shock, the accumulative deposition in height was 0.95 m, and it mostly
persisted in small channels, river bends, and debris flow from gully mouths (accumulation
fan). As an example, the Douyaping–Yingxiu stretch, which runs in a wide channel from a
narrow one, showed considerable undercutting erosion, with an accumulative undercutting
of 3.79 m in three years, in locations where the river had straight channels and large dips.
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Table 5. Statistics of gravity erosion and sediment production in the main stream of the Minjiang
River from 2008 to 2016.

Time River Area
(km2)

Erosion Area
(km2)

Deposition
Area (km2)

Sediment
Input (106 m3)

Sediment
Output (106 m3)

Accumulation
Sediment (106 m3)

2008 8.99 2.98 6.01 11.2962 16.6518 5.3556
2009 8.99 3.77 5.22 6.8760 8.6201 1.7441
2010 8.99 4.48 4.51 8.9056 10.3137 1.4080
2015 8.99 5.52 3.47 0.2673 0.0004 0.2669
2016 8.99 3.89 5.10 0.0457 0.0240 0.0217

3.2. Geomorphic Effects of Gravity Erosion

Understanding the process and features of gravity erosion and sediment formation is
an advantage of a quantitative investigation of a single factor. We decided to examine the
sediment-producing characteristics from macro and micro scales, as well as to analyze the
key geomorphological elements and sediment-producing consequences of gravity erosion.
We chose the geomorphological conditions of post-shock gravity erosion.

3.2.1. Effect of Micro-Landform

The slope gradient of the micro-geomorphic unit overlapping with the deformation
field was used to determine the sediment yield values at various slope surface locations,
using geohazard occurrences in 2008 as an example (Table 6 and Figure 6a). It was de-
termined that the largest sediment yield, 134.937 × 106 m3, or 54.6% of the overall yield,
occurred on the extremely steep slope with an inclination from 50 to 70. Additionally, the
slopes between inclinations of 25 and 50 had bigger surfaces but produced less sediment
via gravity erosion, amounting to 66.334 × 106 m3, or 26.84% of the total sediment yield.

Table 6. Erosion and sediment yield in different slope geomorphology units in 2008.

Slope Range (◦) Area
(106 m2)

Total Area Ratio
of Geomorphic

Units (%)

Sediment Yield
(106 m3)

Total Sediment Yield
Ratio of Landform

Unit (%)

Sediment Yield
Modulus
(m/Time)

0–8 3.32 0.73 2.03 0.82% 0.61
8–15 10.72 2.35 5.98 2.42% 0.56
15–25 42.76 9.38 21.78 8.81% 0.51
25–50 140.11 30.75 66.33 26.84% 0.47
50–70 239.64 52.60 134.94 54.60% 0.56
70–90 19.08 4.19 16.06 6.50% 0.84
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The ratio of sediment yield to the surface areas of the slopes was defined as the
“sediment yield modulus of slopes” (SYMS) in order to exclude the influence of the areas of
different types of slopes on the sediment yield incurred by slope gravity erosion. Table 6 is
a list of the SYMS’ precise calculations. SYMS, in micro-topography, initially decreases and
then inversely increases with slope gradient, suggesting that the steepest slopes experienced
the largest SYMS and that rockfalls were the primary cause of gravity erosion following the
earthquake. In contrast, the SYMS in the middle steep slopes, where post-shock landslides
predominated, had the lowest value. In the year that followed the shock, there was no
significant landslide; instead, loose solid geo-materials moved downslope and finally piled
along the transportation channel (Figure 6b); SYMSs were smaller than those in areas of
heavy gravity erosion but larger than those in flat areas where there had not been a landslide,
and terraces and mild-slopes that were in the middle of the slopes or slope toe were the
spaces and passageways for the deposition or transportation of sediments. The potential
for a micro-geomorphic unit to detach and transfer loose geo-materials can be reflected
by the elevation variation within it. The association diagram between SYMS at a sloped
unit and elevation difference was constructed by superimposing the erosion deformation
field of the micro-geomorphic unit onto the responding elevation difference classification
map using geohazard events in 2008 as case studies (Figure 7). With y = 0.0526e0.0241x and
R2 of 0.868, it implies a substantial positive connection between SYMS and its elevation
difference within a micro-geomorphic unit.
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Figure 7. Relationship between sediment yield modulus of slopes (SYMS) and elevation difference of
slope unit in 2008 study area.

A scatter diagram of SYMS was created to show the levels of SYMS for a specific
slope type in relation to slope gradient and relative height. SYMS is larger and vice versa
depending on how dark the dot’s color is (Figure 8a). The findings showed that, regardless
of the kind of slope, SYMS was positively correlated with slope gradient and relative height,
i.e., the greater the slope angle, the higher the SYMS. The bigger the SYMS, the greater the
relative height.

SYMS was considerably influenced by slope shape as well. By using plane curvature
and section curvature as coordinate axes when drawing the scatter plot of SYMS in the
micro-geomorphic unit, the sediment yield area with various slope types was revealed
(Figure 8b). It was discovered that SYMS values at micro-geomorphic units with various
slope types were in the following order: mixed type slope > convex slope > linear slope >
concave slope. In other words, mixed slopes with geohazard occurrences (groups) were the
source for post-shock gravity erosion, having the largest SYMS, while a relatively stable
concave slope, subject to accumulation of loose geo-materials in the headwater, had the
smallest SYMS.
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3.2.2. Macro-Geomorphic Effect

The erosion and sedimentation of post-shock slope movement were significantly in-
fluenced by the macro-geomorphological characteristics of a watershed. The deformation
fields of each watershed superimposing with each erosion in the research area were exam-
ined using small watersheds as the targeted units. Following that, the sediment output and
SYMS of each geohazard occurrence in each watershed were determined (Table 5). For the
macro-geomorphic effects and post-shock changes in erosion and sediment yield, the quan-
titative relationships between sediment yield and watershed area, perimeter, roundness
ratio, elevation difference, watershed surface fragmentation, and valley–bed ratio were
analyzed (Figures 9–11):
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Figure 11. (a) Relationship between erosion and SYMS and watershed surface fragmentation in each
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watershed of the study area.

(a) In a watershed with an area of between 1 and 50 km2, sediment yield gradually
increases with the increase in the watershed area, but SYMS showed a declining trend over
time and was positively connected with the watershed’s perimeter (Figure 9).

(b) The roundness ratio represents the shape of the watershed and is related to the
asymmetry of the topography and bedrock lithology. The power function of the association
between the roundness ratio and the SYMS changed negatively (Figure 10a). That is to say,
the longer and narrower a watershed’s structure, the shorter its sediment transport path;
and the more adequate the hydrodynamic conditions in the channel, the bigger the SYMS.

(c) The watersheds in the research area were divided into three categories, including
small watershed, medium watershed, and the large watershed, based on the three sizes
at A ≤ 1 km2, 1 < A < 10 km2, and A≥ 10 km2. Each watershed’s elevational difference
exhibited a favorable power function relationship with its SYMS (Figure 10b). As the
elevation of each watershed becomes higher, SYMS also increases.

(d) Surface fragmentation is a measure of surface smoothness and integrity. Although
there was a positive power function association between SYMS and surface fragmentation
within the same watershed (Figure 11a), there was no clear correlation between SYMS and
surface fragmentation at the watershed size.

(e) Groove gradient refers to the ratio of the drop of the river bed to its length in any
stretch of river SYMS and valley groove gradient, which showed a positive connection
(Figure 11b). With the increase in ditch bed gradient, SYMS also increases.

3.2.3. Effect of a Collapsed Landslide on Sediment Yield under Multi-Factor Coupling

In intermediate and small watersheds with an area of less than 10 km2, a correlation
study between sediment yield and macro geomorphological parameters was conducted
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(Table 7). As shown in Table 7, there is a positive correlation between sediment yield and
watershed area, watershed perimeter, elevation difference, gully bed gradient, and surface
fragmentation as a result of post-shock geohazards. However, there is a negative correlation
between the roundness ratio and sediment yield.

Table 7. Correlation analysis between macro-geomorphic factors and gravity erosion sediment yield
in the study area.

Geomorphic Factor A Pe Rc HD Hm I DD

Y 0.892 0.894 0.732 0.818 0.299 0.521 0.765

Seven macro-geomorphological components were subjected to principal component
analysis (Table 8). It is found that the first three principal components account for 93.43%
of the variance contribution rate of all variables, and that the absolute values of the load of
the five variables, such as the first principal component A, HD, and I, the second principal
component Rc, and the third principal component DD, are all greater than 0.8. This
implies that the five macro-geomorphic parameters—watershed area, elevation difference,
a gradient of gully beds, roundness ratio, and degree of surface fragmentation—are the
primary governing elements affecting SYMS.

Table 8. Correlation analysis between macro-geomorphic factors and gravity erosion sediment yield
in the study area.

Principal Component
Parameters

Eigenvalues Variance
Contribution Rate

Variable

A Pe Rc HD Hm I DD

The first principal
component 4.457 63.670 0.917 0.242 0.392 0.960 0.116 −0.896 −0.426

The second principal
component 1.101 15.725 −0.237 −0.212 0.904 −0.147 −0.146 −0.338 −0.159

The third principal
component 0.953 14.038 0.083 −0.059 0.012 −0.014 −0.126 −0.428 0.879

The association between SYMS and macro-control geomorphological parameters at
the watershed scale in the research area was established using the approach of multiple
regression analysis:

Y1 = −5.697 + 0.626× A + 0.363× RC + 0.000593× HD − 7.341× I + 5.114× DD, R2 = 0.816 (1)

where Y1 is sediment yield due to post-shock gravity erosion; A is watershed area; RC is
roundness ratio; HD is elevation difference; I is the gradient of gully bed; DD is surface
fragmentation.

Testing model 1 yielded statistical significance. For instance, the model’s F test value
was 9.781 (Table 9), far over the significance level of 0.05, and the 95% confidence level
was 3.204. This shows that the model may be used to predict erosion and sediment output
in small and medium watersheds and that it is consistent with post-earthquake gravity
erosion in these watersheds.

Table 9. Variance analysis of F-test for sediment yield of gravity erosion in watershed.

Model Sum of Square Freedom Mean Square F Significance

regression 95.687 5 19.137 9.781 0.001
residual error 21.522 11 1.957 9.781

total 117.209 16
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The link between gravity erosion, SYMS, and the macro-topographical regulating
elements can be established for a watershed with an extent larger than 10 km2:

Y2 = −66.018 + 0.363× A− 20.535× RC + 0.000728× HD − 21.812× I + 75.933× DD, R2 = 0.920 (2)

where Y2 is sediment yield due to gravity erosion in a large watershed; A, RC, HD, I, and
DD have the same in formula 1.

It is determined that the following describes the prediction model for gravity erosion
and sediment yield at various watershed scales in the study area:

Y =

 −5.697 + 0.626× A + 0.363× RC + 0.000593× HD − 7.341× I + 5.114× DD

(
A < 10km2

)
−66.018 + 0.363× A− 20.535× RC + 0.000728× HD − 21.812× I + 75.933× DD

(
A > 10km2

) (3)

where Y is SYMS in the watershed;A, RC, HD, I, and DD are the same as in formula (1).
The SYMS due to post-shock downslope movement predicted by model 3 and its

variation trend can be observed in Figure 12, where it can be seen that they have good
accuracy and applicability and are generally consistent with the measured gravity erosion
sediment yield of each watershed.
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3.3. Activity Analysis of Gravity Erosion of Post-Shock Slope Movement

The erosion and sediment yield of a watershed is defined as the discharge of loose
geomaterial to be transported in a particular watershed. By extracting the deformation
field before and after each geohazard event and then evaluating it with field research and
measured data, the magnitude may be determined.

Regression was used to examine the observations of gravity erosion in 31 watersheds
from 2008 to 2016 (Table 10). It is possible to establish a quantitative relationship between
changes in sediment output over time and the storage of geomaterials at source areas:

Y1 = 208.72× t−1.417, R2
1 = 0.9836 (4)

Y2 = 474.54× t−1.603, R2
2 = 0.8594 (5)

where Y1 is new source of gravity erosion in the watershed; Y2 is sediment yield due to
gravity erosion in the watershed. The t is number of years after Wenchuan earthquake.
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Table 10. Geo-material storage at source and sediment yields of the research area from 2007 to 2016.

Year (a) 2007 2008 2009 2010 2015 2016

Geo-material source
storage (106 m3) 1.071 317.66 165.74 164.41 20.64 8.04

Sediment yield (106 m3) 1.066 246.23 68.71 35.29 20.59 5.95

As can be observed in Figure 13, both the sediment yield and the amount of geomaterial
stored in the headwaters were steadily declining over time, with the storage declining at
a faster rate than the yield. If the budget of geomaterials in a watershed’s source areas
roughly matches the production of sediment, it predicts that a mature landform may have
taken shape. Gravity erosion stopped, and the slope tended to remain stable without
experiencing any significant geohazards in the future.
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Figure 13. Prediction of the relationship between the source of gravity erosion and sediment yield in
small watersheds after the earthquake. (Note: The first year after the earthquake is 2008 (x = 1), and
the other years are analogized in turn).

To study post-shock gravity erosions, models 4 and 5 were introduced. According to
Figure 13, post-shock gravity erosions in the watershed dramatically declined and tended
to stabilize 10 years after the earthquake, but they would eventually stop 20 years after
the earthquake [38,39]. The number determined by our modeling and the idea that post-
shock debris flow would identify a 10–20 year active period is broadly consistent with this
conclusion [34].

4. Discussion

a. High-precision multi-source remote sensing technology enables the dynamic monitor-
ing of post-earthquake geohazards and offers sophisticated and dependable technical
methods for large-scale quantitative studies on gravity erosion and sediment [40].
However, its cost, hardware and software processing requirements, spatial and tem-
poral resolution, and technical threshold have restricted its popularity and applicabil-
ity [41], and it is challenging to implement real-time monitoring of the gravity erosion
process [42]. Therefore, the accuracy and effectiveness of monitoring and evaluating
gravity erosion of downslope movement can be further improved when combined
with multi-source earth observation technologies such as the unmanned aerial ve-
hicles, three-dimensional laser scanning systems, close-range photogrammetry, and
ground-based radars [43,44].

b. The Minjiang River basin experienced significant accumulations of solid loose ma-
terials during the 2008 Wenchuan earthquakes, which could pose threats to surface
material migration, erosion, and sediment yield (Figure 5 and Table 5). Geo-material
aggregation would make it simple to create secondary geological disasters with high
frequency, large scale, and clustered occurrence in the case of heavy rainfalls [45].
Although the activities of post-shock geo-disasters were undoubtedly more intense
than those before the earthquake (Table 10), it appears that earthquake zones now
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require more rainfall to trigger secondary geo-disasters than in the past [46]. The
geo-environment begins to noticeably improve with the regeneration of flora as solid
loose materials are transported from steep slopes and gullies to gentle terrains and
consecutive catastrophe avoidance measures are implemented in the basin. Following
the earthquake, gravity erosion and sediment yield showed a variation attenuation
pattern over time (Table 5, Table 10, and Figure 13). Additionally, the basin’s erosion
and sediment output created a clear hanging wall effect (Figure 3 and Table 4). This is
mostly due to the basin passing through the Wenchuan earthquake’s main fault zone,
with the majority of the earthquake’s shaking occurring on its upper wall, which
increased the generation of collapses and landslides, as was supported by related
research [47]. Additionally, according to studies, the active period of secondary geo-
disasters would be extended from 10 to 20 years, particularly in the first five years
following an earthquake.

c. The basin’s steep slopes, which are covered with an abundance of geomaterials in the
upper mountains, were favorable for the rapid creation of runoff and the confluence
of rainfall, and they offered a significant initial energy and power source for gravity
erosion and material migration [48]. Gravity erosion in the basin produced a pattern
of sediment output that included annual accumulation (Figure 5 and Table 5).

d. The dynamic reactions of various landforms or slopes to earthquakes varied. The
amplification effect of upper ground motion increased with slope steepness [49].
Sediment yield modulus with respect to a slope in the basin was positively linked
with slope gradient and relative height (Figures 6b, 7 and 8a). More than 80% of
the sediment yield from gravity erosion in the basin was concentrated on steep and
extremely steep slopes with gradients ranging from 25◦ to 70◦ (Table 6 and Figure 6b),
which is essentially in line with the findings of previous studies. Our data showed
that, compared to straight and concave slopes, compound and convex slopes were
more vulnerable to gravity erosion, including collapse and landslide. Gravity erosion
was clearly influenced by slope types, and mixed and convex slopes showed low
stabilities (Figure 8b).

e. According to [50], gravity erosion and sediment production caused by post-shock
downslope movement are nonlinear processes influenced by a variety of factors, in-
cluding topography, geomorphology, geology, earthquake, meteorology, hydrology,
soil, vegetation, and human activities [50]. However, in this study, the geomorphologi-
cal effects of post-shock gravity erosion and sediment production were only examined
using geomorphological features. The characteristics, process, and mechanism of
gravity erosion and sediment yield under multi-factor coupling need to be further
quantitatively analyzed based on field research, experimental observation [51], thor-
ough monitoring, and indoor and outdoor simulation [52].

f. Based on strengthening long-term series of experimental observations [53], it is im-
portant to establish quantitative expressions of watershed, channel, and slope body
weight erosion and sediment yield in different time and space scales; to determine the
scale effect and conversely [51], the main predominant factors and dynamic process
of gravity erosion sediment production should be studied in depth [54].

5. Conclusions

These are the conclusions:

a. A model of a high-precision gravity erosion deformation field with a digital slope sys-
tem was built in this study based on multi-source remote sensing and GIS technology
to carefully extract information on post-shock gravity erosion under various time and
space scales. This study offers new technical methods for dynamically monitoring and
quantitatively analyzing large-scale gravity erosion processes. An approach to quanti-
tative research and modeling analysis of regional gravity erosion sediment production
was made possible by combining D-InSAR and Amplitude Tracking technology for
the processing of radar data. The updated deformation field could be generated for
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each episode of downslope movement and parameters could be calculated, including
gravity erosion, sediment production, transport, and accumulation. By combining
high-resolution remote sensing images with highly accurate digital topographic maps,
it introduced a classification criterion for building micro-geomorphological units of
post-shock slopes, which is helpful to quantitatively analyze and reveal the process of
gravity erosion and sediment production of collapse and landslide.

b. In the research region, the post-earthquake geohazards (collapse and landslides)
exhibited strong erosional, sedimentary, and accumulation transport features. The
erosion modulus and sediment yield were both declining annually. Following the
earthquake, obvious hanging wall effects were exposed by gravity erosion and sedi-
ment release, which were then subjected to drainage zones. A total of 80% of the total
yearly sediment supply came from 12 watersheds that were located on the top plate of
the main fault zone and had rather substantial land areas. The lengthy main channel
and steep channel bed of the watershed where the sediments produced by gravity
erosion occurred were characterized by transportation and buildup before intense
erosion and erosion.

c. Annual buildup defined the sediment outputs in the valleys along the Minjiang
River. The Minjiang River deposited 5.16 m of silt in the three years following
the earthquake, mostly in the river’s constrictions, channel bends, and debris flow
gullies. The Douyaping–Yingxiu stretch of the river, on the other hand, had significant
undercutting erosion, with a total undercutting of 3.79 m over three years, particularly
in the straight sections of the river with large drops or in the sections going from
narrow to wide.

d. The erosion capacity of a slope was greatly influenced by the kind and form of the
slope. Sediment yield modulus can be ordered by quantity according to slope types as
follows: mixed slope with geohazards events > convex slope > linear slope > concave
slope. As a result, this slope type accounted for the majority of post-shock sediment
yield. The sediment yield modulus had a positive correlation with the slope gradient
and relative height. More than 80% of the total sediment output from gravity erosion
in the study area was concentrated in the steep and extremely steep slopes from 25 to
70 degrees.

e. The primary controlling elements for the sediment yield from gravity erosion at a
watershed scale were five macro-geomorphological characteristics, including wa-
tershed area, watershed perimeter, elevation difference, gully bed gradient, and
surface fragmentation. Our suggested prediction model has good accuracy and
applicability for the sediment output from gravity erosion caused by post-shock
downslope movement.

f. Due to post-shock gravity erosion, both the volume of geo-material that was still
present in the source area and the amount of sediment produced were steadily de-
clining. However, the budget’s rate of decline was greater than that of the sediment
production. It is anticipated that the gravity erosions in the earthquake-affected
watershed will continue for 10–20 years.
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Abbreviation

The following abbreviations are used in this manuscript:
GIS Geographic Information System
D-InSAR Differential Intereferometric Synthetic Aperture Radar
GESY Gravity Erosion Sediment Yield
3S Remote Sensing, Global Position System and Geographic Information System
DTM Digital Terrain Model
DEM Digital Elevation Model
DLG Digital Line Graphic
SYMS Sediment Yield Modulus of Slopes
NDVI Normalized Difference Vegetation Index
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