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Abstract. Large earthquakes in mountainous regions may trigger thousands of landslides, some active
for years. We analysed the changes in landslide activity near 2008 Wenchuan earthquake epicentre,
generating five landslide inventories for different years through stereoscopic digital visual image
interpretation. From May 2008 to April 2015, 660 new landslides occurred outside the co-seismic
landslide areas. In April 2015, the number of active landslides had gone down to 66, less than 1% of the
co-seismic landslides, still much higher than the pre-earthquake situation. We expect that the landslide
activity will continue to decay, but may be halted if extreme rainfall events occur.

Keywords: multi-temporal; landslide inventories; post-earthquake landslides; Wenchuan earthquake;
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Introduction

Large earthquakes can cause huge losses to human society due to ground shaking, fault rupture,
liquefaction, tsunamis and also due to co-seismic landslides that can be triggered in mountainous areas.
Some examples of earthquake-triggered landslide events are the 1976 Guatemala earthquake, with
50,000 landslides (Harp et al., 1981), the 1994 Northridge Earthquake in California with more than
11,000 landslides (Harp and Jibson, 1995), the 1999 Chi-Chi earthquake in Taiwan with 26,000 co-
seismic landslides (Cheng et al., 2005), and the 2008 Wenchuan earthquake in China with more than
56,000 landslides (Dai et al., 2011b). In areas that have been affected by such large earthquakes, the
threat of landslides persists in the years following the earthquake, as huge amounts of deposits loosened
by the earthquake on hillslopes provide sufficient source materials for landslide reactivations and debris
flow occurrences during heavy rainstorms.

After the 1999 Chi-Chi earthquake (Mw 7.6), a number of extreme precipitation events reactivated the
co-seismic landslides and triggered several catastrophic mass movements. Two examples are: the debris
flow which destroyed Daxing village on 30 July 2001, and the landslide that buried Hsiaolin village
forming a barrier lake in 2009 (Dong et al., 2011). Many studies about post-earthquake landslides were

carried out after the Chi-Chi earthquake, including Fan et al. (2003), Chang et al. (2006), Lin et al. (2006).
1



Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2016-193, 2016
Manuscript under review for journal Nat. Hazards Earth Syst. Sci.
Published: 3 June 2016

(© Author(s) 2016. CC-BY 3.0 License.

38
39
40
il
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

63

64
65
66
67
68
69
70
71
72
73
74
75

Also the devastating Wenchuan earthquake (Mw 7.9) which occurred in the western part of Sichuan
province in China on May 12, 2008, demonstrated the post-seismic landslide problem. In the years
following the earthquake, several catastrophic debris flows occurred. Some example are the debris flows
that destroyed part of Beichuan town on September 24 2008, the debris flow which dammed the Minjiang
River on August 13 2010, and the debris flow which damaged Qipangou village on July 10 2013(Tang
et al., 2009; Xu et al., 2012). These post-earthquake mass movements highlighted the need for more
research to provide critical information for assessing post-earthquake landslide hazards as a basis for
reconstruction planning in earthquake affected mountain areas. The majority of the research thus far in
the Wenchuan area focused on the analysis of case studies on post-seismic landslide mechanisms.
Limited research has concentrated on the long-term evolution of landslide activities, and the changes in
the geo-environment after earthquakes. For the Chi-Chi earthquake area, Hovius et al. (2011) analysed
the long-term erosion and mass balance effects of the earthquake. They concluded that the enhanced
mass wasting and sediment removal after the earthquake was more than five times the pre-earthquake
rate, and it required about six years to return to pre-earthquake levels. The analysis of changes in landslide
activity is based on the analysis of satellite images over a number of years. For the Chi-Chi earthquake
this was reported by several authors (Lin et al., 2008; Shieh, 2009; Shou et al., 2011a; Shou et al., 2011b).
For the Wenchuan earthquake area, some researchers have studied the short term (within 3 years) changes
in landslide reactivation after storms(Tang et al., 2011; Zhou and Tang, 2014). Huang and Fan (2013)
made a prediction that it will take about 20 years before the landslide activity will return to pre-
earthquake levels; however, this was not based on long-term studies.

The objective of this research is to contribute to the long term monitoring of post-earthquake landslide
activity in the Wenchuan area through the use of multi-temporal remote sensing images. A series of
landslide inventories for the period up to 2015 were generated, and several controlling factors were
analysed.

Study Area

The study area (Fig. 1) is located near the epicentre of the Wenchuan earthquake, around Yingxiu Town
and Longchi Town, in Sichuan province, China. The study area covers approximately 179 Km?. The
elevation of the study area varies from 767 m to 3950 m, with an average of 1736m. The Yingxiu area,
the western side of the study area, is steeper than the Longchi area (eastern side). Areas with slopes
steeper than 45 <Tovers 21% of Yingxiu and only 2% of the Longchi area. The major fault rupture of the
Wenchuan earthquake (Yingxiu- Beichuan fault) passes through the area. The predominant lithology in
the area is granite (59% of the area), diorite (covers 22% of the area) in the western part, and some
sedimentary rocks in the south-eastern part which are bounded by faults. The climate in the study area is
humid subtropical with an annual average temperature of 13°C. The average yearly precipitation in the
area is 1134 mm, and 70% of the precipitation occurs from June to September. The highest precipitation
is in August, with an average monthly rainfall of 289.9 mm. The recorded maximum monthly, daily, and
hourly precipitation amounts are 593 mm , 234 mm and 84 mm respectively (Luo et al., 2010)
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81 Remote sensing images and other data

82  We have acquired multiple remote sensing images from various sources for making multi-temporal

83 landslide inventories. Based on the resolution, cloud coverage, and shadows, a total of 6 images taken in
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2008, 2009, 2011, 2013 and 2015 were selected to monitor the landslide activities after the earthquake
and 1 image was selected from 2005 representing the pre-earthquake situation (Table 1). All images were
geometrically corrected with Erdas Autosync Workstation, using a GCP-referenced image. To assist
landslide digitizing with stereo visualization and to analyse controlling factors of post-seismic landslide
activities, a Digital Elevation Model derived from 20m-interval contour lines was collected from the
State Key Laboratory of Geo-hazard Prevention and Geo-environment Protection (SKLGP) in Chengdu,
Sichuan province.

Acquisition  |Resolution |Information

Type Source Usage
date (m) area (%)
Spot 5 Jul 2005 25 95
Arial photographs  |May 2008 1 69
July 2008 25 74 Generating
Spot 5 .
Images Feb 2009 25 100 landslide
Worldview 2 Apr 2011 1 100 inventories
Pleiades Apr 2013 0.5 69
Spot 6 Apr 2015 15 97
Digitizing
Government, .
DEM Pre-earthquake |25 - landslides, factor

academic institute .
analysis

Official geology

Lithology map, Geological|- - - Factor analysis
Survey
Tang et al. (2009) {2008 - -

Peak rainfall

. . Luo et al. (2010)  |2009 - - Analyzing  post-
intensity and . .
. Maet al. (2011) 2010 - seismic landslide
cumulative - o
L Rain gauges activities
precipitation 2011-2015 -

installed by SKLGP

Table 1 Data used in this research. The two images taken in 2008 have 7 % of the study area
covered by clouds on both images. The other images are cloud free. Information area (%)
represents the percentage of the area not covered by clouds and inside of the image boundaries.

Multi-temporal landslide inventories

Digital stereoscopic image interpretation was used for mapping the landslide inventories. The images
were combined with the DEM, and a series of artificial stereo images were generated using ArcScene.
Co-seismic landslides were digitized first. We carefully compared the pre-and post-earthquake images
to determine which of the landslides were co-seismic, and which were already existing before the
earthquake. Existing landslide inventories, generated by Gorum et al. (2011), Dai et al. (2011a), Xu et al.
(2014), and Li et al. (2014) were evaluated. These inventories didn’t match very well with each other,
and also not with the geo-rectified remote sensing images used in this study. Therefore, also co-seismic
landslide inventory mapping was carried out new for the study area. The mapping accuracy was kept at
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a high level by comparing the landslides on different images and by checking the landslides in the field.
All the landslides were categorized based on the system proposed by British Geological Survey (BGS)
which follows the scheme based on Varnes (1978) and Cruden and Varnes (1996). The landslides were
classified by their material component and mass movement types (Fig. 2). Two types of material were
differentiated: debris and rock. Debris, a mixture of soil and rock fragments, was interpreted from images
when a fine material texture covers most of the deposition area. The parent material was interpreted as
rock when rock fragments or blocks or textures of rock deposits could be clearly seen on the images.
Comparing images of different years also helped to distinguish debris and rock, since landslides with
rock blocks are re-vegetated much slower than debris related mass movements, even when there is no
further landslide activity observed.

We differentiated the following mass movement types: fall, slide and flow. In the case of fall, materials
fall from steep cliffs, with little additional displacement. Bedrock can be seen very clearly in the scarp
area and the accumulation area often tends to be cone-shaped. Slide-type movements are characterized
by clear back scarps, and the identification of a sliding mass, either translational or rotational in form.
Flow-type movements are mostly confined to channels and occur mostly as debris flows.

Also combinations of movement types have been observed. The most frequent combinations were
combinations of slide and flow, and slide and fall. Fall-slide, a combination of fall and sliding, can be
observed when a fall-type movement occurs on a steep slope and the deposits slide down further during
or after deposition. Slide-fall movements initiate as a slide on top of a steep cliff, and the slided materials
subsequently fall over the cliff. A very common combination of landslide types is slide-flow, where the
source areas of a debris flow are formed by one or more slide-type movements. This is more difficult to
identify in the post-seismic landslides since they are often caused by a combination of initiation features,
such as accelerated erosion, bank failure and shallow landslides in the sediment source areas. For post-
earthquake landslide inventories we only use the types fall, slide and flow to represent their movement
types, since the combined types are difficult to identify for reactivations of co-seismic landslides and the
predominance of debris flows caused by different processes made it problematic to differentiate.

The earthquake induced landslides were interpreted using an ortho-rectified mosaic of very high
resolution colour aerial photographs taken shortly after the earthquake and two Spot 5 images: one from
2005 and the other one taken shortly after the earthquake. The satellite image from 2005 revealed almost
no landslide activity prior to the earthquake. Landslides were identified based on image characteristics
such as tone, texture, shape and pattern, and using topographic, vegetation and drainage indicators
identified through stereoscopic image interpretation (Soeters and Van Westen, 1996). Individual
landslides were identified based on their unique scarp areas, even though the accumulation areas were
often merged downslope. Each landslide polygon was assigned a unique identifier. Areas covered by
clouds were digitized, and were not considered for the 2008 — 2009 change analysis.
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Figure 2 Examples of landslide classifications used.

The interpretation of post-earthquake landslides was carried out by comparing remote sensing images of
different years, starting from the earliest post-earthquake image in 2009. The co-seismic landslide
inventory was used as the basis for the inventory of the post-earthquake landslides of the following year.
Then this inventory was used as the basis for the next, and so on. All landslide polygons from the co-
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seismic landslide inventory were classified for each period with a landslide activity level and a vegetation
cover level. Changes caused by the enlargement of existing landslides and newly triggered landslides
were included in the digital inventories, and also changes in landslide classifications were marked in the
associated attribute tables. If in a later year landslide activity was confined within the polygon of a pre-
existing landslide, no digitization was done and the polygon of the pre-existing landslide was assigned
with a landslide activity class value based on the level of the activity. This was done for all the
consecutive years. If there is no activity in a pre-existing landslide polygon, the landslide is considered
as a dormant landslide. Several tools in ArcMap were used to calculate attributes for the landslide
polygons related to area, slope, aspect, and major lithology in the landslide polygons. The attribute table
of the landslide inventories is shown in Table 2.

The landslide activity levels were defined based on the changes in the diagnostic features between remote
sensing images taken in different periods. The vegetation cover alone does not determine whether a
landslide is active or not. A landslide can be bare and dormant, or partly covered by vegetation and active.
The following landslide activity classes were used: level 0, no landslide activity and the landslide is
dormant; level 1, less than 1/3 of the area of a landslide is active; level 2 about 1/3 to 2/3 of the area of a
landslide is active; level 3, more than 2/3 of a landslide is active or the landslide is newly formed.

The vegetation cover level was judged by the area of vegetation cover on landslides and was classified
into four classes: level 0, most area of the landslide is covered by vegetation; level 1, more than 2/3 of
the landslide is covered by vegetation; level 2, 1/3 to 2/3 of the landslide is covered by vegetation; level
3, less than 1/3 of the area of a landslide is covered by vegetation;

Attributes Description

ID Landslide identifier

Material The material component of the landslide (rock or debris)

Mass movement type The mass movement type (fall, slide, flow, fall-slide or slide-flow)

No information The landslide is covered by clouds or located outside of the image
boundary

Landslide activity level The landslide activity class (0: dormant; 1: < 1/3 active, 2: 1/3 — 2/3
active; 3: > 2/3 active).

Vegetation cover level The vegetation cover class (0: vegetated; 1: > 2/3 vegetated, 2: 1/3 — 2/3
vegetated; 3: < 1/3 vegetated).

New landslide Landslide that does not occur on pre-existing landslide. The year in which
it is first seen is indicated

Area The area of the landslide in m2

Lithology The major lithology within the scarp area of a landslide polygon

Aspect The orientation of slopes in the scarp area

Max slope angle The highest slope angle which is calculated from the DEM in a landslide
polygon

Table 2 Attributes collected for the landslide inventories
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Results

Co-seismic landslides

The co-seismic landslide inventory map for the study area is shown in Fig 3. The co-seismic landslide
inventory contains 6727 landslides with a total area of 54.6 km?, covering about 29.4% of the 179 km?
interpretation area. The average and median area of the co-seismic landslides are 8122 m? and 2141 m?
respectively. About 25% of all the landslides have an area of 100-800 m2. When we apply the empirical
area-volume relationships presented by Guzzetti et al. (2009), the total volume of the interpreted co-
seismic landslides is 0.48 Km?®. Obviously the size of the individually mapped landslides has a large
influence on the volume estimation, and the degree of generalization of a landslide inventory is therefore
of importance. When we use the same relation using the inventory of Dai et al. (2011) which has large
landslide polygons merging multiple individual landslides, the result is 0.63 KmS. Most of the large
earthquake-triggered landslides are in the western part of the study area, which has a steeper terrain and
is closer to the epicentre. The mean size of the landslides in the western part is about 10,000 m?. Most of
the co-seismic landslides in the eastern part of the study area are small and medium-size with an average
area of 3782 m2 Table 3 shows the relation between lithology and landslides, which shows that most
landslides occurred in granite and diorite.

. Number of | Number density | Area of | Area density

Lithology type . . .
landslides (landslides/km?) | landslides (km?) | (%)

Diorite 1208 34.2 16.4 46
Granite 4713 46.4 34.1 34
Sandstone 522 48.3 25 23
Feldspar  sandstone

. 284 12.3 1.6 7
with shale

Table 3 The relation between lithology and co-seismic landslides

Table 4 gives a summary of the co-seismic landslide inventory mapped in this study. Debris slides were
by far the most common phenomena (5604 out of a total of 6727 events) as the strong topographic
amplification resulting in the failure of the weathering soil mantle on many of the steep slopes in the area.
In specific locations, where the structural geology was favourable, rock slides took place along
discontinuities (262 events). In a number of cases the presence of steep cliffs resulted in fall type of
movements (513 events) or a combination of fall and slide types (177). It is remarkable that the number
of flow-related co-seismic mass movements was relatively limited (171 cases) which is also due to the
fact that the earthquake occurred during the dry season.

Slide Fall Fall-slide | Slide-flow | Sum
Debris 5604 272 124 171 6171
Rock 262 241 53 0 556
sum 5866 513 177 171 6727

Table 4 co-seismic landslide types
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Figure 3 Co-seismic landslide inventory.

Both the number of landslides in our inventory and the area affected are much higher than the values
reported by Dai et al. (2011b). They mapped only 661 landslides as polygons with a total area of 33.8
Km? within the Yingxiu part of the study area. Due to clouds in their available image they didn’t map
the landslides in the Longchi area. In our inventory, we distinguished 4175 landslides with an area of
45.9 Km? in the Yingxiu area. Gorum et al. (2011) mapped 1141 landslide initiation points in our
interpretation area. Our inventory contained approximately 6 times more landslides than the ones
detected by Dai et al. (2011) and 3.5 times more than mapped by Gorum et al (2011). The availability of
very high resolution aerial photographs taken shortly after the earthquake provided better resolution and
lower cloud cover than the satellite images used by the other two studies. The other two studies ignored
many small landslides because they mapped the entire earthquake affected area, while we devoted our
time on landslide mapping for this smaller area. Dai et al (2011) also merged several individual landslides
into larger polygons (Fig.4).
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Figure 4 Comparing our inventory with the landslide initiation point inventory by Gorum et al.
(2011) and the polygon-based inventory by Dai et al. (2011b) for a small part of the area

For a more detailed comparison between the observed landslide sizes of the different Wenchuan
inventories, we have utilized the polygon-based Wenchuan inventories provided by Xu et al. (2014), Li
et al. (2014) and Dai et al. (2011a). Since these inventories cover a much larger landslide- affected area,
we have extracted the landslides located inside our study area. The inventory from Gorum et al. (2011)
could not be used as it only contained points, and no polygons.

We have analysed the frequency-area distribution (FAD) of landslide areas and observed the power-law
scaling (e.g. Guzzetti et al., 2002; Hovius et al., 1997; 2000; Malamud et al., 2004; Stark and Hovius,
2001) in all inventories (Fig. 5). In other words, we have observed an increasing trend in the number of
the landslides from large to medium by following a power-law. For each inventory, the slope of the FAD,
which is called as the power-law exponent (), was calculated based on the method suggested by Clauset
et al. (2009). The obtained B values change from 2.4 to 2.7 (Table 5), which is consistent with the
literature that points out an interval having a central tendency around 2.3-2.5 (Stark and Guzzetti, 2009;
Van Den Eeckhaut et al., 2007). Towards the tail of the power-law where we have fewer large landslides,
the FADs of the inventories follow a similar line. Since the position of the power-law tail is assumed as
the manifestation of landslide magnitude (Malamud et al., 2004), although we are analysing different
inventories with a varying completeness level, we can estimate a similar magnitude for them. This
observation supports the landslide event quantification theory of Malamud et al. (2004).
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In all inventories, we have also observed a divergence from the power-law distribution for the small
landslides. The frequency of landslide areas begins to decrease after a certain size and follows a positive
power-law decay; a phenome referred to as rollover (Stark and Hovius, 2001). Since the frequency of
landslide areas keeps increasing up to the rollover point, the rollover point is considered as the most
frequently occurring landslide area in the inventory (e.g. Parker et al., 2015). In this regard, we have
evaluated the relative completeness level of the inventories. Since the inventory of Dai et al. (2011) is
one of the pioneer inventories generated soon after the Wenchuan event, it has a relatively lower
resolution. The average landslide area of this inventory is around 53000m?, while for the other inventories
this value changes between 5500 m? and 8000 m? (Table 5). Therefore, in the inventory from Dai et al.
(2011) the rollover point is observed around 3850 m?, which is the largest rollover point among all the
Wenchuan inventories. On the other hand, our inventory gives the lowest rollover point and it is nearly-
complete up to around 340 m2. This finding can be interpreted as the relatively higher completeness
level of our inventory. The inventory of Xu et al. (2014) shows a similar completeness level as our
product and it is nearly complete up to 500 m2. Furthermore, our inventory gives relatively smoother
positive power-law decay than the inventory of Xu et al. (2014). It indicates that our inventory includes
a higher number of smaller landslides as compared to the inventory from Xu et al. (2014). The rollover
point for the inventory of Li et al. (2014) is around 1140 m?, and it can be considered as less complete

compared to our inventory and the one by Xu et al. (2014).

Total Minimu i The
Total i Maximum | Average .
Inventor landslide | m . i approximat
number of . landslide landslide | B
y . area landslide e rollover
landslides area (m?) area (m?) .
(km?) area (m?) point (m?)
This
6727 54,6 30 556381 8122 2,72 | 340
Study
Xu et al.,
7985 44,6 69 397408 5588 2,47 | 500
2014
Li et al.,
3896 34,2 306 525126 8789 2,51 | 1140
2014
Dai et
576 30,9 714 2142126 53713 2,25 | 3850
al., 2011

Table 5 Summary information for the co-seismic landslide inventories collected for the study area.
B is the power-law exponent of the frequency-area distribution (FAD).
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Figure 5 The frequency-area distributions (FAD) of the different co-seismic landslide inventories
collected for the study area.

Post-seismic landslide inventories

In the years after the earthquake, large numbers of mass movements were induced by rain storms,
whereas many others were slowly covered by vegetation regrowth. Using the available satellite images
(Table 1), four new landslide inventories were generated.

An inventory for 2009 was made using a Spot 5 image from February 2009, with a spatial resolution of
2.5 meters. The inventory reflects the situation after the rainy season of 2008, during which a large
number of debris flows were formed. The landslide inventory map is shown in Fig. 6. Due to cloud cover
in the 2008 images, part of the landslide changes in the eastern side could not be identified. Even though
there had been significant rainfall events in the monsoon of 2008, the number of active landslides was
reduced to 967 including an additional 83 new landslides. Most of the active landslides (69%) were debris
flows. Except for the areas covered by clouds in the 2008 images, 13% of the earthquake triggered
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276 landslides were reactivated.

slides

\:| Level 1 - Level 3 - No information

277
278 Figure 6 Landslide inventory mapped based on the image taken in February 2009, reflecting the
279  situation after the rainy season of 2008.

280

281  We were not able to find suitable images for 2010, therefore we decided to make a new inventory every
282  two years after the earthquake. The next landslide inventory was made based on a Worldview Image
283  from April 2011 with 1-meter spatial resolution. The image was cloud free except for a small area in the
284  eastern side. In this inventory 28% of the pre-existing landslides were active during this period, and the
285 number of active landslides has increased significantly to 2633, 66% of which are debris flows. As can
286  be seen from Figure 7 this inventory is almost complete for the entire area. There were also 569 new
287 landslides mapped between 2009 and 2011. This indicates that between February 2009 and April 2011
288  there have been one of more extreme rainfall events, which will be further discussed in the next section.
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Figure 7 Landslide inventory mapped based on the image taken in April 2011, reflecting the
situation after the rainy seasons of 2009 and 2010.

A Pleiades image from April 2013, with a spatial resolution of 0.5 meters, was used to map the next
landslide inventory. However, due to the different image size, only 69% of the interpretation area could
be mapped in 2013 (Fig. 8). It is obvious that the activity levels in 2013 were much lower than in the
previous periods. Except for the areas outside the image boundary, only 3% of the pre-existing landslides
were active and 88% of them were identified with a landslide activity level 1 (dormant).
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Dormant - Level 2 - New landslides Mapped area

Level 1 - Level 3 - No information

Figure 8 Landslide inventory mapped based on the image taken in Apr 2013, reflecting the
situation after the rainy season of 2011 and 2012. The actual mapped area was limited within the

yellow polygon due to the smaller area covered by the available Pleiades image.

The last landslide inventory map was made using a Spot 6 image, with a spatial resolution of 1.5 meter
from April 2015. This image covers most of the study area except for a small part in the North (Fig. 9).
Only 66 active landslide are identified on the image, of which only two were new landslides. Less than
1% of the pre-existing landslides were active. Compared with the images of the earlier period, the
vegetation cover on landslides in 2015 was significantly higher.
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Figure 9 Landslide inventory mapped based on the image taken in Apr 2015, reflecting the
situation after the rainy seasons of 2013 and 2014.

After the earthquake, from 2008 till April 2015, the number of landslides (including the dormant
landslides) in the study area increased by 660, to a total of 7387. The total landslide area increased from
54.6 km? to 58.3 km?. This indicates that the landslide activity in the post-earthquake period was not
restricted to the co-seismic landslide area only. This is important to consider when making post-
earthquake reconstruction planning in other mountainous environments. Landslide activity evolved in
different ways. The first type of reactivation observed was by slide-type movements of the bare surfaces
of co-seismic landslides. Also flow-type movement caused by run-off erosion in the landslide deposits
of the pre-existing landslides, with deposition either occurring on top of earlier debris flow materials, or
covering new areas. This was considered as the main cause for the enlargement of co-seismic landslides.
The third observed mechanism was a retrogressive activity of the scarps in the initiation area. Of the total
of 6727 co-seismic landslides, 2221 had one or more phases of reactivation after they were triggered by
the earthquake until April 2015. The most frequent post-earthquake landslide type is flow, accounting
for 66% of all the active landslides in the post-earthquake inventories. Table 6 summarizes the statistics
of the four post-earthquake landslide inventories.
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Activity level Fall Slide Flow Sum by activity
level
The inventory of 2009
No information 988
0 4855
1 8 91 353 452
2 2 73 175 250
3 0 70 112 182
New landslide 1 51 31 83
Sum by movement type 11 285 671 681007
967
The inventory of 2011
No information 44
0 4718
1 7 182 622 811
2 2 180 323 505
3 4 292 436 732
New landslide 1 215 353 569
Sum by movement type 14 869 1734 73799
2617
The inventory of 2013
No information 1862
0 5348
1 2 3 149 154
2 0 0 12 12
3 0 0 3 3
New landslide 0 4 2 6
Sum by movement type 2 7 166 7385
175@
The inventory of 2015
No information 150
0 7171
1 0 3 41 44
2 0 1 9 10
3 0 3 7 10
New landslide 0 0 2 2
Sum by movement type 0 7 59 73674
66@

328 Table 6 Statistics of the post-earthquake landslide inventories. (1) The total number of landslides
329 in each inventory including those without information (which are either located in cloud covered
17
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areas, or areas outside of the image boundaries). (2) The total number of landslides in each
inventory excluding those without information, and those that are dormant (activity level 0).

In general the landslide activity decreased considerably from May 2008 until April 2015, with a total of
active landslides reducing from 6727 co-seismic landslides to 66 active landslides in 2015. After the
2010 monsoon season, the activity of the post-earthquake landslides dropped considerably and most of
the active landslides were marked with activity level 1 (Fig. 11). Table 6 shows details of the landslide
activity changes for the various inventories. Between the inventories of 2009 and 2011, at least 1834
landslides had an increased activity level. About half of the active landslides in the 2011 inventory are
co-seismic which were dormant in the 2009 inventory, and 39% of the active landslides in the inventory
of 2009 became dormant in 2011. From April 2011 to April 2013, 66% of the active landslides in the
inventory of 2011 became dormant in the inventory of 2013. Sixty-five percent of the active landslides
in 2013 are active pre-existing landslides with a higher activity class level in 2011. During April 2013 to
April 2015, 90% of the active landslides in the inventory of 2013 became dormant, 44% of the active
landslides in 2015 kept the same activity level as in 2013, and 46% of the active landslides occurred on
pre-existing landslides that were dormant in 2013. We can conclude from this analysis that the pattern of
active landslides changes constantly over time. It is not possible to predict after the earthquake which
landslides will remain active over the next decade, as this pattern changes constantly, most probably
related to the specific variation of rainfall intensity during rainstorms in the post-earthquake period.

8000
7387

—
7000 6727 -

5000
4000
3000

2000

Number of landslides

1000

0 - I

May 2008 2008-2009 2009-2011 2011-2013 2013-2015

Hlevell Mlevel2 Mlevel3 No activity M no information M new landslides

Figure 10 Activity levels of the five landslide inventories.

Most of the new landslides occurred during the period of 2009-2011. The most frequent landslide type
for the new landslides was slide (60.4%), followed by flow (36%) and fall. The average area of the new
landslides is 1339 m?, with a range from 34 m? to 31356 m2. The large new landslides are mainly debris
flows with long run-out distances. Overall the new landslides are mainly small and medium-sized
landslides: 90% of the new landslides are less than 3023 m?.
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359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376

Activit .
Year 0 1 2 3 No info sum
y level
2011 Inventory
0 37100) | 368 283 457 37
1 183 148 72 52 0
2009 2 89 88 44 31 0
1263M
Inventor | 3 49 65 37 31 0
y New 58 4 3 14 0
No info | 634 145 65 139 7
sum 379@ | 197® 237%
2013 Inventory
0 35789 | 23 3 2 1095
1 502 34 1 0 279
2011 2 293 40 1 0 173
290
Inventor | 3 528 53 6 1 157
y New 444 5 0 0 117
Noinfo | 1 0 0 0 43
sum 1767®@ | 104 36@
2015 Inventory
0 53220) | 7 6 7 0
1 132 21 1 1 0
2013 2 8 0 0 0
220
Inventor | 3 3 0 0 0
y New 6 0 0 0
No info | 1689 20 3 2 150
sum 149@ | 3 214

Table 7 Changes in landslide activity level of the consecutive years. ® Total number of landslides
with increased activity level compared with the previous period. @ Number of landslides that
became dormant. © Number of landslides with decreased activity level, excluding dormant. @
Number of landslides with the same activity level as the previous period. ® Number of landslides
that remain dormant in both inventories. The number mismatches were caused by small landslides
which were ignored by ArcMap software during rasterizing the inventories to do this analysis.

When we compare the number of 66 active landslides in the inventory of 2015 with the 132 landslides
recorded from 1961 to 2005 (Yang et al., 2005) in the whole 3936 km? Wenchuan county, the frequency
of the landslide occurrence has increased significantly after the earthquake, and it is still not back to the
pre-earthquake levels. It can be observed further that the increase of post-earthquake landslides both in
number and in area were 8.9% and 6.8% respectively, which are much lower than observed in Taiwan
after the Chi-Chi earthquake (42.8% increase in area within 2 years according to Lin et al. (2006)). The
landslide increment after the Chi-Chi earthquake could be caused by its location in relation to the path
of typhoons, as the areas was affected several times with rainfall events with more than 100 mm/h
precipitation intensity. In the Wenchuan area, the recorded rainfall intensity and cumulative rainfall are
much lower (Table 8). Also, the lithology in both areas is completely different, with the Wenchuan areas

underlain mostly by volcanic rocks, while in the area affected by the Chi-Chi earthquake sedimentary
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rocks and metamorphic rocks are most common (Lin et al. (2006).

Controlling factors

The large differences in landslide activity that were observed between the post-earthquake landslide
inventories, especially the increase in activity observed in the 2011 inventory, were expected to be caused
by differences in rainfall extreme events.

Previous works (Lin et al., 2006; Zhou et al., 2013) have indicated that the magnitude and scale of the
post-seismic landslide activity is related to the spatial distribution and intensity of rainfall events.
Unfortunately, there are very few rain gauges in the direct surroundings of the study area that were
operational from 2008 onwards. After a large number of landslides were triggered by the storm in 2010,
several rain gauges were installed in 5 catchments that were considered as highly dangerous. From the
18 available rain gauges and literature study we analysed the maximum intensity, duration and
accumulated precipitation of the largest rainfall event of each year as indicators for the importance of the
monsoon of that year in landslide reactivation. The rainfall data of the largest rainfall events from 2011
to 2015 are average values calculated from several rain gauges distributed across the area (Table 8).

Related Peak intensity | Accumulated .
. Date (D/M/Y) . Duration (hours)
inventory (mm/h) rainfall (mm)
2009 23.9.2008 60 347 10
17.7.2009 70 219 6
2011
13.8.2010 75 229 17
29.7.2011 54 150 20
2013
18.8.2012 39.5 117 6
10.7.2013 64 108.5 6
2015
10.4.2014 53 53 1

Table 8 Maximum rainfall intensity, duration and accumulated rainfall of the largest rainfall
events of each year. The source of rainfall data is indicated in Table 1.

The two largest rainfall events occurred during the monsoons of 2009 and 2010. They have reactivated
a considerable number of landslides as can be observed from the inventory of 2011. The maximum
rainfall intensity and accumulated precipitation of the monsoon of 2008 were similar with those during
2011 to 2014. However, in the 2009 inventory there were more active landslides than in the inventories
of 2013 and 2015. This is due to the fact that most of the landslide scarps were not re-vegetated yet in
the months following the earthquake. In 2011 many more landslides were re-vegetated and the same
magnitude of rainfall reactivated much less landslides than in 2008. Also the availability of loose
materials in the initiation zone was likely much less in 2011 as compared to 2008 due to landslide activity
in the period in-between. The loose materials were transported downstream as debris flows (Fig. 11).
The vegetation cover class on the earthquake-triggered landslides in 2008 was 3 (> 2/3 bare). In the
inventory of 2009, this had changed to 2, and then 3 again in the inventory of 2011 due to massive
landslide reactivations. The value was lowered to 1 (<1/3 bare) in the inventory of 2015.
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Figure 11 Examples of changes in landslide activity in the source and deposition areas of a typical
debris flow gulley. In 2008 the loose materials produced by this co-seismic landslide were still
located in the valley in the upslope part. After three rainy seasons, debris flows and erosion
transported the materials to the downstream area. In 2015, most of the upstream area was covered
by vegetation again, and debris flow activity in the downstream part had reduced considerably.

The pattern of reactivation of landslides can also be related to different spatial distributions of the rainfall
events that occurred in the period in between two dates for which landslide inventories are available.
However, the available rainfall data didn’t allow us to generate rainfall distribution maps for the various

landslide events. This should be investigated further in future.

The relation between landslide activity changes and topographic factors, such as slope direction, and
slope angle were also analysed, and also the relation with lithology. We calculated the ratio of the area
of active landslides over the total landslide area within each factor class. The results indicate that aspect
is not a significant factor in determining the presence of active post-seismic landslides. In the areas with
granite, diorite and sandstone the percentage of active landslides were 41%, 28% and 43% respectively.
The areas with other lithology types were too small in size to make a proper analysis. A comparison of
active landslide percentages for different slope classes showed that slopes steeper than 20 degrees had a
much higher degree of reactivation. However, lower slope angles occurring in the channels and alluvial
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fans also had a very high percentage of landslide activity, caused by the occurrence of debris flow
deposits.

There is also an important difference in active landslide percentage when comparing the western
(YYingxiu) and the eastern part (Longchi). The Yingxiu area had much more and larger sized co-seismic
landslides than the Longchi area. However in the 2011 inventory, the eastern part had 46% of the
landslides active which is 22% more than the western part. This was caused by the large amount of new
landslides in the eastern part, which contained 83% of all new landslides. This phenomenon indicates
that the effect of the earthquake was much stronger in the western part, which had more rugged
topography, where the weathering soil mantle was removed by co-seismic landslides. This was different
in the eastern area, where there were less co-seismic and more post-seismic landslides. Some slopes were
loosened by the earthquake but did not yet fail immediately after the earthquake, and in later years
landslides were triggered by large rainfall on those unstable slopes.

Discussion and conclusions

We analysed changes in landslide activity in a period of seven years after the 2008 Wenchuan earthquake,
with five multi-temporal landslide inventories, which we interpreted stereoscopically from high
resolution images, followed by field investigation. The results show that most of the post-seismic
landslide activities were concentrated within the first three years following the earthquake. The landslide
activity decreased considerably from May 2008 until April 2015, from 6727 co-seismic landslides to 66
active landslides in 2015. After the 2010 monsoon season, the activity of the post-earthquake landslides
dropped considerably and most of the active landslides became dormant. Of the total of 6727 co-seismic
landslides, 2221 had one or more phases of reactivation. Apart from the reactivation of co-seismic
landslides also 660 new landslides occurred after 2008. This indicates that the landslide activity in the
post-earthquake period was not restricted to the co-seismic landslide area only. This is important to
consider when making post-earthquake reconstruction planning in other mountainous environments.

In the digital stereo image interpretation we did not adopt a minimum threshold for landslide area. When
comparing our results with other landslide inventories in this area through frequency-area distribution
(FAD) our inventory shows the highest level of completeness, the highest number of small landslides,
and also the highest total landslide area. However, the inventory also shows a lower total landslide
volume calculated from the empirical method presented by Guzzetti et al. (2009). This might be an
indication that the number and area of the landslides reported so far for the whole earthquake-hit area
may be under estimated and the volume could be overestimated.

In this study we were able to devote more time on this local scale area to make a detailed landslide
mapping than the previous studies which were mapping the entire earthquake- affected area. We were
also able to collect more high resolution remote sensing image data than previous studies. Also the use
of digital stereo image interpretation was important for mapping landslide boundaries and making
landslide classifications. However, the mapping process was much more time consuming, as compared
to semi-automatic image classification or monoscopic image interpretation procedures. The mapping
process also requires specific skills and different people can produce different image interpretation
results. We included an extensive procedure for double checking the mapped landslides by different
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interpreters in order to ensure consistency of the inventory. The largest differences in interpretation
occurred in areas with very steep and complex slopes, where the terrain could not be represented well
due to the relatively poor quality of the available DEM. When determining the activities of the post-
earthquake landslides, we carefully compared the images from different periods, looking for differences
in the image characteristics. This gave us more detailed results compared with common landslide
mapping methods which define landslides activity directly from vegetation cover, and allowed us to
distinguish the actual active landslide from dormant bare landslides.

Though the landslide activity reduced after April 2011, extreme rainfall events could still trigger large
amount of landslides. After the extreme rainstorm in August 2010, there have not been any other extreme
rainfall events up to 2015 in the area. However, we can observe in recent images and fieldwork, that
there are still large volumes of loose materials on the slopes and in the upper parts of the catchments.
Though these areas mostly being covered by vegetation re-growth, they could be activated by extreme
rainfall events. In the coming years and decade the chance of landslide re-activation will be determined
by the speed of vegetation re-growth, the available volumes of loose materials and the occurrence of
extreme rainfall events. The limited available rainfall data show that the rainfall threshold to trigger
landslides is rising, leading to less landslides in the last two inventories. However, we lack enough
rainfall data to do a comprehensive rainfall threshold analysis. Also we were only able to estimate
landslide volumes using an empirical method. The actual volume of landslides in the area is unknown
due to the lack of a high-resolution pre-earthquake DEM. It is still hard to make a prediction of how long
will it take before landslide activity is back at pre-earthquake levels. Monitoring landslide activities over
a longer period is required.

During our mapping process we have noticed that the large co-seismic landslides (like the one in Fig.
11), are very likely to generate major debris flows in future. Eleven out of eighteen co-seismic landslides
with an area larger than 20,000 m? had the highest level of activity recorded and six of them had the
second highest level in the post-seismic landslide inventories. All the recorded large debris flows in the
area were initiated from these eleven large landslides. In some of the downstream parts, extensive debris
flow mitigation works have been carried out, although some of these have been destroyed or almost
covered by debris. It is recommended to monitor the activity of these large landslides, and in some cases
early warning systems have already been installed.

We also recommend to continue the monitoring of landslides through image analysis. Beside remote
sensing images, multi-temporal DEMs generated from Lidar data and UAV photogrammetry can be
useful for monitoring, and quantifying the changes. Rainfall data with good spatial and temporal
resolution, essential for designing early warning system, should also be collected to make a
comprehensive rainfall threshold analysis.

We can conclude from this analysis that the pattern of active landslides changes constantly over time. It
is not possible to predict after the earthquake which landslides will remain active over the next decade,
as this pattern changes constantly, most probably related to the specific variation of rainfall intensity
during rainstorms in the post-earthquake period.
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