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Abstract: Inventorying landslides in mountainous areas is of great importance for prevention of
geologic hazards. This study aimed to establish a detailed landslide inventory of Baoshan City,
Yunnan Province, China, based on a large set of high-resolution satellite images from Google Earth.
The landslides of this region were divided into two groups, i.e., recent landslides and old landslides.
The spatial distribution and geometric characteristics of the two kinds of landslides were analyzed,
respectively. Results show that 2427 landslides are present in the study area, including 2144 recent
landslides and 283 old landslides with a total area of 7.2 km? and 97.6 km?, respectively. The recent
landslides occurred primarily at steep slopes with higher elevation, while old landslides took place at
gentle terrains. For the slope position, most landslides, whether old or recent, cluster near ridges.
The lower boundary of the recent landslides is far away from the valley, while the accumulation
area of the old landslide is closer to the valley. The H/L (height to length) ratios are basically the
same for all landslides, ranging from 0.2 to 0.5. Old landslides have larger mobility, as their travel
distances are longer than recent landslides at the same height. The results would be helpful for
further understanding the development and spatial distribution of the landslides in Southwest China,
and also provide essential support for the subsequent landslide susceptibility mapping and geologic
hazard assessment in this area.

Keywords: Baoshan; Yunnan province; Google Earth; spatial distribution; geometric characteristics;
landslide susceptibility

1. Introduction

Landslide is downslope movement of soil, rock, and organic materials under the gravity effect and
also the landform that results from such mass wasting [1]. Landslides can be caused by earthquakes,
rainfall, and human activity. Statistics show that the number of casualties caused by landslides reaches
4600 every year over the world [2].

Detailed and accurate landslide inventory maps record the location, magnitude, characteristics,
type of movement, estimated age and other information of slope failures, which are important for
studies on spatial distribution of the landslides [3—6], impact on landform evolution [7-9], and landslide
susceptibility mapping and hazard assessment [10-13]. Landslide inventory maps can be divided
into event-based, multi-temporal and historical inventories [14,15]. An event-based inventory shows
landslides caused by a triggering factor, such as an earthquake or typhoon [16-19]. Multi-temporal
inventories show landslides triggered by multiple events over longer periods (e.g., years to decades) [20].
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A historical inventory map displays the cumulative distribution of many landslides over a period of
tens to thousands of years [21-23], which can be at regional [22,23], national [24,25], continental [26,27]
or global scales [2,28].

The visual interpretation of aerial photography (aerial photo interpretation; API) remains the
common method to obtain information on landslides [29]. With the development of satellite technology,
images obtained by optical sensors, including panchromatic (single band) and multispectral (multiple
band) images, have become preferred data for landslide investigation and inventorying [4,30,31].
Especially, the Google Earth platform provides high-resolution and ultra-high-resolution optical satellite
images (even multi-temporal images in some areas) worldwide, and permits to observe landforms from
a three-dimensional (2.5-D) perspective, which have opened unparalleled opportunities for geologists
and geomorphologists to conduct the landslide detection and mapping [32-35].

China is one of countries with the most frequent landslides in Asia and even in the world, which
cause approximately 690 fatalities per year during 2000-2015 [24]. In this vast land, Yunnan province is
one of the regions with this serious geological hazard. With mountainous terrain and active tectonics,
major earthquakes and heavy rainfall often induce landslides in this area [36,37]. Previous studies
of this region focused on the failure mechanism, characteristics of motion and accumulation of some
typical large-scale landslides [38-41]. However, there are few studies about the regional characteristics
and distributions of landslides, especially the establishment of the regional landslide inventory.
This is because of a scarcity in data available about the landslide inventory map. Tian, et al. [42]
established the co-seismic landslide inventory of the 2015 Ludian, Yunnan Mw6.5 earthquake based on
the high-resolution images of the pre- and post-quake, which provided the data base for landslide
susceptibility assessment for this seismic event.

Baoshan City, located in the western Yunnan Province, is a typical area with prominent landslide
hazard. So far there is little work on landslide mapping for this city. To bridge this gap, this
work prepared a detailed landslide inventory map of this area based on visual interpretation of
high-resolution satellite images from Google Earth platform. The landslides identified in the study
area were classified into old landslides and recent landslides. Their distribution and influencing
factors were statistically analyzed, respectively. Their geometric characteristics and runout distances
were examined.

2. Study Area

Baoshan city, with an area 19,000 km?, spans from 98°25" to 100°02" E and 24°08’ to 25°51’ N
(Figure 1a). In tectonics, it lies at the southeastern margin of the Tibetan Plateau, where geodynamic
interaction between the Sanjiang tectonic belt, Yangzi block and southeast of the East Himalayan
syntaxis is very intense [43]. Four major faults cross through this area, namely, the Nujiang fault, Shidian
fault, Kejie fault, and Lancanfjiang fault. The intense tectonic movement makes this area be seismically
active, evidenced by more than six events of Ms > 6 in the past century (http://10.5.109.26:8080/csds/).

The geomorphology of the Baoshan area is dominated by a complex landform with mountains,
basins and river-valleys. Located in the southern edge of the Hengduan Mountains, its terrain inclines
from northwest to southeast, from an elevation of 3780.9 m down to 535 m, about 1800 m on average.
The rivers in this area are the tributaries of three major watersheds: Lancang River, Nujiang River
and the Irrawaddy River, of which six rivers have catchments greater than 1000 km?. Due to tectonic
uplift and stream incision, steep slopes and “V”-shaped valleys are prevail (Figure 1b). The area has
a subtropical monsoon climate, with a mean annual temperature 14-17 °C, and an average annual
rainfall 700-2100 mm.

Figure 1c illustrates the main strata exposed in the study area. Clastic rocks of the Upper Triassic
Cretaceous (T) to the Cretaceous (C) are distributed in the east of the Lancangjiang fault. Metamorphic
rocks and Cretaceous intrusive rocks are mainly exposed in the southeast of the Kejie fault. Carbonate
and clastic rocks from Cambrian to Triassic are present between the Lancang River and Nujiang River.
Thick tertiary claystone and Quaternary lacustrine clay were deposited between intermountain basins.
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Figure 1. (a) Location of Yunnan province, China; (b) Shaded topographic map showing Baoshan city
and historical earthquakes from 1512 to 2015; (c) The distribution of the lithology units of different
ages. DYJF: Dayingjiang fault; NJF: Nujiang fault; KJF: Kejie fault; LCJF: Lancangjiang fault; SDF:

Shidian fault.

3. Landslide Inventory Map

In recent years, the Google Earth platform has been widely used in landslide investigation [33,44,45].
Google Earth contains available Landsat imagery (30 m or 15 m pan-sharpened), orthophotos (0.5-2 m),
and high-resolution commercial satellite imagery (SPOT, FORMOSAT-2: 0.5-8 m; World View-1 and
World View-2, 0.5-2.5 m) [35,46]. The satellite images are 100% coverage of the whole study area and
mainly available from Feb 2009 to Jan 2018 (mainly including Feb 2009, Mar 2010, Oct 2012, Oct 2014,

Nov 2017 and Jan 2018).

In this study, two types of identified landslides were considered, i.e., recent and old slope
failures [47]. Their relative ages were estimated heuristically, relying on the appearance of the
landslides on the aerial photographs (e.g., the presence or absence of a vegetation cover, of fluvial
activity and erosion processes, including other landslides) [47,48]. The old landslides were large to very
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large, and are characterized by dismantled or partially eroded landforms, while the recent landslides
were relatively smaller in size, better preserved, and less dismantled than the old slope failures [48].

The study area is covered by dense vegetation. Due to the warm and humid climate, vegetation
recovery is fast after landsliding. For example, a large rock avalanche at the Wama village, Baoshan
city occurred on 1st September 2010 which buried several buildings, killed eight people and 40 people
were reported missing. As shown in Figure 2, the local vegetation has been recovered merely 3 years
on, entirely covering the landslide body.

Figure 2. Map showing the post-sliding images of Wama landslide from Google Earth. Their dates are
30th Jan 2012 (a) and 17th Nov 2013 (b). Yellow polygons denote the limit of the Wama landslide.

The identification of recent landslides was mainly based on the differences in color and texture on
remote sensing images. We used the following criteria in the landslide visual interpretation processes:
(1) Due to surface disruption or loss of the vegetative cover, the reflectivity of recent landslides was
higher than non-landslide areas, so the recent landslides could be easily distinguished by surface
disruption or loss of vegetative cover [10,31]. (2) For the images of different years at the same location,
we identified the images in different years one by one. As long as there was a landslide in any year,
we delineated the landslides with the latest sliding. Finally, we mapped all landslides in this area in
the past decade. Figure 3 displays some recent landslides located in 25.52° N, 98.37° E and 25.23° N,
98.33° E. These landslides showed an obviously different appearance from the surrounding areas,
featured by bright spots on images.
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Figure 3. Map showing two locations of the old landslides from Google Earth. (a) The geographical
location is 25.52° N, 98.37° E (b) The geographical location is 25.23° N, 98.33° E. Black polygons denote
the boundaries of the landslides.

Cruden and Varnes [1] suggested that some landslides in the past remain visible in the landscape
for thousands of years after they initially moved and then stabilized. Such landslides are called old
events, most of which are deep-seated slope failures. with steep back walls and abnormally curved
ridgelines, which can identified by the appearance of morphologic features (i.e., scarp, toe, lateral
margin) [49]. Some inconsistencies in the sliding area imply that a landslide may have experienced
multiple slides. The information of old landslides we need is not the latest sliding, but the largest
sliding area. Therefore, our strategy of interpreting old landslides is to interpret the largest sliding
area. On the remote sensing image, they generally exhibit spoon-shaped or ring-shaped landforms.
Otherwise, the flat landslide accumulation areas are usually transformed into residential zones or
bench terraces [50]. Figure 4 shows the typical old landslides, featured by bench terrace with irregular
stepped distribution on the landslide mass.
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Figure 4. Map showing two recent landslides from Google Earth. (a) The geographical location is
24.69 N, 99.0 E. (b) The geographical location is 24.91 N, 98.39 E.

Figure 5 is the landslide inventory map of the Baoshan area prepared by this work, including
recent and old landslides. In total, 2427 landslides were identified, covering an area of 104.8 km?.
The number of the recent landslides is 2144 with a total area of 7.2 km?, and the average area was
3351 m2. The area of individual landslides ranged from 50 to 174,800 m?. The number of the old
landslides was 283 with a total area of 97.6 km2, and an average area of 344,950 m?. For individual old
landslides, the largest was 4,794,000 m?, and the smallest was 590 m2. The probability density plot of
the landslide size (area in m?) distribution by log-log coordinates is shown in Figure 6. It is noted that
the scale of old landslides was larger than recent ones; most recent slope failures were concentrated in
the area of 100-5000 m?, and the area of old landslides concentrated in 50,000-300,000 m?Z.
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Figure 5. Landslide inventory map of Baoshan city including recent and old landslides.
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4. Data and Methods for Further Analysis

7 of 23

Previous studies have shown that the failure mechanism and stability of landslides are closely
related to positions of the slopes [19,50,51]. In this study, we calculated the relative positions with
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respect to the top (the mountain ridge) and to the bottom (the river valley) of the slope according to
the method proposed by Patrick Meunier (2008) [52]. Three parameters were used in the analysis,
including “d” (the distance from the ridge crest to the nearest stream), “a” (the distance from the crown
of the landslide to the ridge) and “b” (the distance from the toe of the landslide to the nearest stream)
(Figure 7a). Detailed descriptions and calculation processes can be found in a previous study [52].

Geometric parameters are useful for determining the types and kinematic characteristics of
landslides [53,54]. Among them, the equivalent coefficients of friction, that is, the landslide height-length
ratio (H/L), represents the mobility of landslides [54]. Considering the data accuracy (DEM resolution
is 12.5 m), we chose landslides with an area larger than 200 m? and calculated geometric parameters.
The length (L) of a landslide is the projected length between the crown and the toe along the sliding
direction, and the height (H) of a landslide is the elevation difference between its crown and the toe
(Figure 7b).

Ridge crest (a)

Figure 7. (a) Schematic of geometric parameters a, b, and d used in the analysis of landslide locations
with respect to the ridge crest and stream; (b) Schematic showing a landslide.

The DEM data used in this study was ALOS PALSAR DEM (resolution 12.5 m). The slope and
aspect information were extracted from this DEM. Road information included all major and minor
roads of the Baoshan area. River information was the main rivers and tributaries. Lithology data
were derived from a 1:200,000 geological map. The rainfall distribution was obtained by interpolating
the annual average precipitation data of 29 meteorological stations around the study area. The fault
data were derived from a 1:200,000 Chinese active tectonic map [55]. Using GIS software, all of the
influencing factor maps were transformed into a raster format with a grid cell of 12.5 x 12.5 m. These
influencing factor maps are shown in Figure 8.
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Figure 8. Maps show the distribution of the influencing factors in the study area. (a) Slope angle; (b) Elevation; (c) Distance to roads; (d) Distance to river; (e) Annual

precipitation; (f) Distance to fault.
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In this study, the probability density was used to describe the spatial distribution of landslides in

each influencing factor in the study area, which is expressed as [56,57].
_ Nitotal o
PD = N oner +100% 1)

where PD is the probability density; i represents landslide type (recent landslides, old landslides, no
landslides), N; j; represents the i’s area of each class; N; t1;; represents the total i’s area in the study
area; and Nj ju, represents the i’s classification interval.

Otherwise, to identify the most relevant factors influencing the landslides, we calculated
the landslide area ratio (LAR) following the methodology proposed by Migon et al. (2017) [58].
The “landslide area ratio” means what portion of the area is occupied by landslide terrain in given
intervals of slope, elevation, distance to roads, distance to river, annual precipitation, distance to fault.
This parameter is calculated by

LAR = dass 1009, )
Aaln

where A is the landslide area of the class; A is the total landslides area in the study region.
5. Results

5.1. Correlation between Landslides and Influencing Factors

The analysis of the relationship between the landslides and topographic and geologic conditions
were useful to clarify the influence of inner and outside factors on the occurrence of landslides. Figure 9
shows the probability density distribution of recent landslides, old landslides, and non-landslide areas
in different influencing factors. General characteristics of the landslides are shown in Table 1. It is
noted that with the increase of slope, the probability density of landslides increased first and then
decreased, and most of the recent landslides clustered between 15-40°, while most of the old landslides
occurred on slopes with the inclination of 10-30°. The average slopes of the recent landslides and
the old landslides were 26.3 and 25.1°, respectively, whereas it was 20.9° for the non-landslide area.
Overall, the recent landslides were mostly distributed in the areas with steeper slopes (Figure 9a).

For elevation, the trend of probability density in DEM was the same as that in slope. Most of the
recent landslides were situated at elevations from 1680-1798 m, while old landslides were mainly at
1136-1242 m. Recent landslides generally occupied higher positions: the mean elevations of recent
landslides and old landslides terrain were 1866.3 and 1403.6 m, respectively, whereas it was 1782.3
m for non-landslide terrain (Figure 9b). For the distance to rivers and distance to roads, most of the
landslides, either recent or old, concentrated in the area of elevation <2000 m, and the landslide area
quickly decreased with the increase of the distance (Figure 9¢,d). However, the old landslides were
greatly affected by drainages, almost all old landslides were distributed in the area within 1400 m away
from the drainages (Figure 9d). In contrast, the recent landslides were more likely to be affected by the
roads, because most of them concentrated in the area within 2000 m away from the roads (Figure 9c).

For rainfall, most of the old landslides were distributed at annual rainfall from 1032-1068 mm and
1212-1248 mm. While recent landslides were mainly at 1005-1050 mm and 1185-1230 mm (Figure e).
For distance to the fault, most recent landslides were found within 10,000 m from the fault, while old
landslides are within 8500 m (Figure 9f).

In addition, the landslide area ratio (LAR) was used as an index to represent the relative size of
the landslide in each class of the influencing factors. Figure 10 shows the correlations between the LAR
and the aforementioned influencing factors.

For the slope angle, the LAR of the old landslide increased for hill slopes with 45-50°, reaches
2.5% and then decreased with the slope increase. The recent landslides showed the same trend, within
65-70°, LAR reached 0.1% and then decreased with the slope increase (Figure 10a).
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For elevation, the peak LAR of the old landslides, 1.5%, was present at elevations from 1000 to
1500 m, while the LAR of the recent landslides was the highest at 0.05% at the elevations of 2250-2500
m and 3000-3250 m (Figure 10b).

Overall, with the increase of distance to roads, the LAR of the old landslides decreased rapidly,
with peak LAR of 0.629%, while the curve of recent landslides showed a trend of decreasing first, then
suddenly increasing with a peak area LAR of 0.05% at the distance of around 15,000 m, and finally
decreasing (Figure 10c). For distance to rivers, LAR of the recent landslides increased first and then
decreased, with a peak LAR of 0.06%. While the LAR of old landslides decreased with the distance
in the opposite way for the distance to roads, with a LAR of 0.8% at the distance of 4000-7000 m
(Figure 10d). For annual average rainfall, it was easier to trigger landslides with rainfall of 1000-2200
mm (Figure 10e). For distance to the fault, when the fault distance was within 0-18,000 m, the LAR
decreased with the increase of the distance to the fault, and the highest LAR of recent landslides and
old landslides were within 2000-2500 m from the fault (0.05% and 3.1%), respectively (Figure 10f).

Table 1. Influence factors of two kinds of landslides and non-landslide area.

Variable Old-L Recent-L Non-L
Slope angle[°] Mean 25.4 26.3 20.9
Max 78 71 85
Min 0 0 0
Elevation[m] Mean 1403.6 1866.3 1782.3
Max 3143 3440 3722
Min 555 582 493
Slope aspect[°] Mean 176.7 173.3 176.5
Max 360 360 360
Min -1 -1 -1
Distance to Mean 2424 2601 3103
road[m]
Max 13,542 13,996 22,128
Min 0 0 0
Distance to Mean 1532 2438 2122
river[m]
Max 7156 8807 10,552
Min 0 0 0
Distance to
Mean 7113.6 6174.7 7049.5
fault[m]
Max 25,718 23,772 30,213
Min 0 0 0
Rainfall[mm] Mean 1219.6 1307.7 1255.7
Max 1848 2072 2109
Min 970.25 975.19 966.89

L represents the abbreviation of landslide; Old-L represents the old landslide; Recent-L represents the recent
landslides; Non-L represents the non-landsliding area.
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Figure 11 shows the relationship between the landslide and the slope aspect (facing direction of a
slope). Figure 11a is the probability density distribution of the old landslides, recent landslides and
non-landslide areas on different slope aspects. The non-landslide area was quite uniformly distributed
in all aspects. However, recent landslides area was strongly biased 150-210°. From the statistical
results of landslide area ratio (Figure 11b,c), aspects in the interval 45°-75° and 240°-300° appeared to
be significant for old landslides. The peak landslide areal density 0.8% was present at the aspects from
280° to 310° for old landslides, while for the recent landslides, in the interval of 160°-180°, this value
reached the maximum 0.07%.

Recent landslides o
008 —

180°S
[ |Old landslides .
[ Recent landslides — Probability density (%) | i
- — = No landslide area "m0 Landslide area ratio/%

Figure 11. (a) Distribution of slope aspects within landslides and non-landslide areas; (b) correlations
of slope aspect with landslide abundance proxy of recent landslides; (c) correlations of slope aspect
with landslide abundance proxy of old landslides.

Figure 12 shows the relationship between the landslides and the lithology units of different ages.
In the study area, the lithology units of Neoproterozoic (Pt) and magmatic rock (y) account for 18.6%
and 23% of the study area, respectively. For recent landslides, the intrusive rocks and carboniferous
rock had the largest LAR of 0.05% and 0.06%, respectively, indicating that the recent landslides were
more likely to occur in the strata of Neoproterozoic and magmatic rock. For old landslides, the LAR in
the Jurassic and Cretaceous (J&K) strata was the largest at 1.72%, which implies that the old landslides
were more likely to occur in these units.
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Figure 12. Classification of lithology and its relation with landslide area percentage (LAR).

5.2. Landslide Position on Slopes

In order to visualize and describe the location of each landslide, we plotted their number density,
area and relative distance to the ridge and stream on a fictitious slope profile (Figure 13). The results
show that nearly 70% of recent landslides (as shown by the red region in the top of the virtual slope)
occurred at the ridges (relative distance to the top less than 0.3) and were far away from the streams
(relative distance to the stream more than 0.6), and the remaining landslides were at mid-slope positions.
Most of old landslides occurred at the streams (relative distance to the stream less than 0.3), of which
80% (i.e., red high-density area) had lower boundary close to the streams (relative distance to the
stream less than 0.5).
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Figure 13. Location of landslides with respect to ridge crests and streams. (a) Recent landslides; (b) Old landslides. The circle size represents the landslide scale; the
landslide number density is displayed by different background colors, with red indicating comparatively high density and green indicating comparatively low density.
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5.3. Geometric Characteristics of the Landsides

The relationship of the landslide height (H) versus travel distance (L) of all landslides is shown
in Figure 14. For recent landslides, the height (H) of most landslides was less than 100 m, and the
corresponding travel distance was between 0—200 m. The average H and L of the recent landslides
were 29 m and 61 m, respectively. Most of the old landslides were distributed at landslide heights (H)
less than 500 m, and the corresponding travel distance (L) was 10-1000 m, and the average H and L of
the old landslides were 295 m and 622 m, respectively.

10’0005 X Recent landslides
1 /A Old landslides
{1 = Fitting curve of old landslides
1 = Fitting curve of recent landslides WA A
LA 2N
1000 5
= i
=T -
~
il = * 064 2 _
Lrecent ) Hreceni (R™:= 0'72)

L =83 H Rt =)
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Figure 14. Empirical relationship between landslide height (H) and travel distance (L).

1 1
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1
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The empirical relationship between the H and L of the old and recent landslides were analyzed,
expressed by
Lyecent = 6.3 % Hrecento'go 3)

Loy = 7.1% Hy "% @)

Figure 15 displays the probability densities of equivalent coefficients of friction (landslide height
(H)/landslide travel distance (L)) of all landslides. Overall, the smaller the H/L value was, the higher the
mobility of the landslides was. The H/L ratios of old and recent landslides ranged from 0.2 to 0.5 with
averages of 0.45 and 0.5, respectively (Figure 14). On the whole, the empirical relationship between
landslide height (H) and travel distance (L) was basically the same (Figures 14 and 15). However,
the travel distance of old landslides was much longer than recent landslides at the similar height (H).
It indicates that old landslides had larger mobility.



Sustainability 2020, 12, 2433 18 of 23

25
> —HB— Recent landslides
. 9 —@— Old landslides
D D
N
2 154
73]
|
[«b]
i |
2
S 1.0
[47]
L0
8 n
o * )
0.5 4
00 T T T |
0.0 05 10 15

H/L

Figure 15. Probability density of the H/L of the landslides.

6. Discussion

Mobility represents the runout characteristics of a landslide, often evaluated in terms of friction
characteristics of the sliding bed and sliding surface and the topographic slope [4]. This study analyzed
1993 landslides with an area greater than 200 m? in the study area. The H/L ratio is 0.4 (21°), which is
basically consistent with the average slope (20.9°) in the study area. This shows that the landslide
mobility in the study area is greatly affected by the terrain. In addition, previous studies have shown
that the landslide mobility is directly proportional to the scale of the landslide, that is, the larger the
landslide volume, the longer the travel distance, and the smaller the equivalent coefficients of friction of
the landslide [59,60]. This can also be observed in Figures 14 and 15. Compared with recent landslides,
the old landslides have a larger volume. At the same height, the old landslides have greater mobility
than the recent landslides.

Rainfall and earthquakes are the main landslide triggers [31,61]. Compared to rainfall-induced
landslides, the scale of earthquake-induced landslides is relatively larger. Especially for some
well-preserved old landslides of large scale, they are usually triggered by specific earthquake events [62,63].
Chang, et al. [64] found that earthquake-induced landslides often occur in ridge areas, while
rainfall-triggered landslides mostly occur in mid-downhill areas. From Figure 13, most of the old
landslides occurred in the ridge area, which shows that most old landslides may be closely related to
seismic activity. Observed from the remote sensing images, most recent landslides are shallow-debris
flow, which are usually triggered by rainfall. However, we find that many recent landslides also
occurred in the ridge area. This is because in the Baoshan area earthquakes are frequent, the strength
of rock mass is reduced and the cracks increase in the ridge area. Due to the abundant rainfall, water
infiltrates into the rock mass through the cracks. With the increase of pore water pressure and the
decrease of shear strength of the sliding surface, the landslides can occur.
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Topography is one important internal factor to induce geological hazards [52]. The landform in
the Baoshan area has the following characteristics: wide valleys, large topographic relief, and many
river channels. Previous studies have shown that most historical landslides and earthquake-induced
landslides occur in steeper areas [3,51,65]. The landslides in the Baoshan area are also more likely to
occur in areas with relatively steep slopes. When slopes failed, the source materials slide from steep
slopes to canyon or gully areas by gravity.

From the analysis of the relationship between the elevation and the recent or old landslide
(Figure 9b), the recent landslides occurred primarily at places with higher altitudes. This may be
because the vegetation in areas of high altitude is not easy to recover, and recent landslides occurring
in these areas are more easily identified, while new those occurring in low-altitude areas are not easily
identified due to rapid vegetation recovery. For the relationship between slope angle and the landslides
(Figure 9a), the statistical results show that the recent landslides often occurred in the area with
steeper slopes. We argued that the possible reason is that the old landslides were usually deep-seated
landslides of a large scale, and the local terrain changed greatly after the sliding occurrence, resulting
in the slope becoming gentler in the sliding area. However, the recent landslides had little influence on
the local topography due to small scale. Meanwhile the DEM data used in this study is a post-event
DEM with respect to the old landslides, so it is the slope that we can see after the landslide occurred,
i.e., they are not the pre-failure conditions. This may also be one of the factors that affect the statistical
results. For the relationship between slope aspect and the landslides (Figure 11), the density of the
recent landslides in the three directions of SE, S, and SW is much higher than that in other directions,
whereas the old landslides do not have this trend. This is because the rainfall in the area is mainly
affected by the water vapor from the Indian Ocean to the south. Therefore, the south and adjacent
slope aspects receive more rainfall than other directions. Under the action of rainfall softening and
loading, these slopes are more prone to failure and slide. In the future study, the detailed analysis on
the relationship of the landslide occurrence and influencing factors needs to be further made based on
more data.

7. Conclusions

Based on Google Earth and remote sensing imagery, a landslide inventory of the Baoshan area,
Yunnan, China was prepared in this work. A statistical analysis of the number, area and geometric
parameters of the old landslides and recent landslides in the study area was conducted. In total, 2427
landslides were identified, covering 104.8 km?Z. Among them, the recent landslides are 2144 with a
total area of 7.2 km?2, and an average area of about 3351 m?2, the old landslides are 283 with a total area
of 97.6 km? and an average area of about 345,000 m?.

Research suggests that the landslide occurrence is less affected by the rainfall and the fault but
is greatly affected by the landform, especially slope and elevation. Recent landslides cluster in the
slopes with 15°—40° and elevation with 1680-1798 m, while most of the old landslides occurred on
slopes with the inclination of 10°-30° and elevations 1136-1242 m. From the landslide position, the
source area of the landslides (whether old or recent landslides) are usually near the ridge area, while
the accumulation areas of the old landslides are closer to the valleys. The geometric analysis of the
landslides indicate that the average height of the recent landslides was 30 m and the average length
was 60 m. The average height of the old landslide was 295 m and the average length was 620 m.
Fitting their height (H) and length (L) yields the regression relationship: Lyrecent = 6.3 * Hrecent’?? and
Loid = 7.1+ Hg %%, In contrast, old landslides had better mobility.

We expect that the new landslide inventory map of Baoshan city prepared in this work would
be useful in the mapping landslide susceptibility and hazard assessment in the study area, and
understanding the long-term impact of landslides on landform evolution.
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