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Abstract

:

This study uses three periods of airborne laser scanning (ALS) digital elevation model (DEM) data to analyze the short-term erosional features of the Tsaoling landslide triggered by the 1999 Chi-Chi earthquake in Taiwan. Two methods for calculating the bedrock incision rate, the equal-interval cross section selection method and the continuous swath profiles selection method, were used in the study after nearly ten years of gully incision following the earthquake-triggered dip-slope landslide. Multi-temporal gully incision rates were obtained using the continuous swath profiles selection method, which is considered a practical and convenient approach in terrain change studies. After error estimation and comparison of the multi-period ALS DEMs, the terrain change in different periods can be directly calculated, reducing time-consuming fieldwork such as installation of erosion pins and measurement of topographic cross sections on site. The gully bedrock incision rate calculated by the three periods of ALS DEMs on the surface of the Tsaoling landslide ranged from 0.23 m/year to 3.98 m/year. The local gully incision rate in the lower part of the landslide surface was found to be remarkably faster than that of the other regions, suggesting that the fast incision of the toe area possibly contributes to the occurrence of repeated landslides in the Tsaoling area.
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1. Introduction


With the advent of high-resolution digital elevation model (DEM) data, modern remote sensing technology has been effectively used in erosion studies for landslides [1,2,3,4,5,6] and river channels [7,8,9]. In particular, multi-temporal DEMs [10,11,12,13] can be directly used for monitoring and analyzing the terrain change. Moreover, the erosion of the ground surface will create geomorphological relief and interact with the climate correlated to human activity [14]. The evaluation of the erosion rate is important in the study of landform evolution, slope and channel interactions, landslide effects, sediment transport processes, and so on. The methods for calculating the erosion rate include the cross section measurement method [15,16], the erosion pin method [17], radiometric dating [18,19,20,21,22,23,24,25], the river suspended-sediment discharge technique [26,27], dendrogeomorphological methods (based on tree-ring analysis from exposed roots) [28,29], interferometric synthetic aperture radar (InSAR) [6], terrestrial laser scanning (TLS) or airborne laser scanning (ALS) [30,31], and multi-period aerial photogrammetry [7,32,33,34].



The cross section measurement, erosion pin, and the dendrogeomorphological methods are mainly adopted for single point measurements. They are limited to inaccessible terrains and are not appropriate for acquiring the erosion pattern at the watershed scale. The river suspended-sediment discharge method used to estimate the erosion volume is also limited by measurement timing, sediment concentration, and the ratio of the suspended sediments to the bedload sediments. Radiometric dating is best for the time scale of thousands to millions of years, as it cannot reveal the influence of short-term events. These techniques have specific applicable ranges for terrain change estimation, in terms of both the temporal scale and the spatial scale.



The temporal scale could range from several months to several millions of years, while the various spatial scales could be manifested in single-point, cross section, watershed, and regional measurements. The effects of erosion usually appear in a complex, slow, and subtle manner, which makes it hard to observe the terrain variations in a short time. In contrast, an excessively large temporal scale will also not enable us to understand the short-term effects or the impacts of distinct geological events.



Regarding spatial scale, single-point measurements and river channel cross section measurements without direct data collection for the entire watershed are mostly used for describing local terrain changes. However, it is often questionable whether these results can be extended to explain the changes in the entire watershed or the whole region. In addition, most of the existing research in this area did not include specific discussions on measurement errors. The range of measurement error directly affects the credibility of the erosion rate obtained from measurements. In summary, all of these techniques have their applicable scales and ranges, and are incapable of covering all possible situations. This also represents the research difficulties induced by complex temporal and spatial variations in terrain studies.



In recent years, with the development of remote measurement technologies, including aerial photogrammetry, airborne laser scanning (ALS), terrestrial LiDAR (TLS), and unmanned aircraft systems (UAS), the DEM data have been extensively applied in gully erosion research [7,29,30,34,35,36]. The ALS technology, with its high resolution and accuracy, can clearly characterize the range of gully erosion [35,36]. Moreover, the width and depth of the gully erosion can also be estimated by high-resolution DEMs [35]. Having sufficient point cloud density is important in the actual application of ALS in depicting gully erosion [30,36]. Saez et al. [29] used the tree ring method to estimate the gully incision rate, and they found a linear relationship between the terrain slope and the incision rate. Using this relationship, the distribution of erosion rate within the watershed can be inferred by an ALS DEM slope map. This shows that the ALS DEM can illustrate the erosion area and the erosion pattern within the entire basin. In addition, the multi-period ALS DEMs can also periodically observe topographic changes of river channels and landslides [10,11,12,13]. These studies suggest that the DEM analysis can provide detailed and direct observations for characterizing gully erosion and the associated terrain changes.



This study investigates the planar slope of the Tsaoling landslide and a number of gullies formed on the slope after 10 years of erosion using three periods of ALS DEMs to discuss the effects of gully incision and erosion. The objectives are: (1) to present multi-temporal remote sensing data sets to observe changes in gully incision and erosion in a direct and periodic way; and (2) to provide an effective DEM analysis technique to better estimate the gully bedrock incisions in an active orogenic belt. In addition, the effect of typhoons or torrential rains on gully erosion is discussed to provide a general understanding of the relationship between the periodically repeated landslides and terrain evolution.




2. Study Area


2.1. Geological Setting


Tsaoling is located southeast of Yunlin in central Taiwan at the juncture of three counties, Yunlin, Chiai, and Nantou (Figure 1). The main hydrographic feature is the Qingshui River in the Zhuoshui River basin. The Qingshui River transverses this area from the east to west and then turns north, feeding into the Zhuoshui River. The altitude of the area ranges from 400 to 1300 m a.s.l. The Tsaoling landslide area starts from the ridge of the Juedi Mountain (1234 m a.s.l.) in the east–west direction, and it expands to the southern riverbed of the Qingshui River, leaving an area affected by the landslide of up to 7 km2. The strata exposed in the area include the upper member of the Kueichulin Formation of the Pliocene (the Tawo sandstone member), Chinshui Shale, and the Cholan Formation [37,38,39] from the Pliocene to the Pleistocene. The lithology of the Tawo sandstone member is mainly described as thick muddy sandstone of gray to pale gray with interlayers of shale and sandy shale. The Chinshui Shale is mainly composed of greenish grey sandy shale with partial interlayers of thin sandstone. The Cholan Formation mainly consists of thick gray muddy sandstone with interlayers of shale and silty sandstone. Among these, the Cholan Formation and Chinshui Shale are the main strata within the Tsaoling landslide area, and they are the main sliding materials in the previous landslide events [2,38,39,40,41,42,43]. These rock strata were faulted and folded by regional tectonic contraction during the Taiwan orogeny. The Tsaoling Anticline and Jiouyongping Syncline are located at the eastern and western sides of the landslide area, respectively. The Neibang Fault is to the north, and the Shihguping Fault lies to the east. These tectonically deformed sandstones and shales form the typical dip-slope terrain in the area. Moreover, large landslides have been triggered many times in the Tsaoling area under the erosion impacts from the Qingshui River, which transverses the slope foot [2,41,42,43,44].



The rainfall data during 1999 to 2015 are collected from the Tsaoling rain gauge station of the Central Weather Bureau (CWB). By referring to the typhoon database of the CWB [45], the rainfall distribution diagram is drawn for the Tsaoling area and is shown in Figure 2. The location of the rain gauge station is shown in Figure 1.




2.2. Overview of Tsaoling Landslide


The Tsaoling area geologically belongs to a dip-slope terrain. Multiple historical landslide events occurred in this area, which were triggered by earthquakes, typhoons, and torrential rains in 1862, 1898, 1941, 1942, 1951, 1979, and 1999 [2,38,39,40,41,42,43,46]. Among these, the landslides in 1862, 1941, and 1999 were triggered by earthquakes. The magnitudes for the two earliest earthquakes were 6 to 7 and 7.1, respectively. On 21 September 1999, the Chi-Chi earthquake, with a ML magnitude of about 7.3 and a seismic moment magnitude Mw of 7.6, occurred in the area while additional slides were triggered by the continuous torrential rains that lasted for two to five days, with precipitation up to 776 mm [2]. The volume of the rock debris accumulated from the previous landslide was about 0.026–0.126 km3 [2,42], which formed a landslide dam with a height of 70–170 m and blocked the Qingshui River. This brought disasters to the Tsaoling area adjacent to the landslide site. The downstream areas then suffered from sudden failures of the landslide dam. Several disasters in the past have also become important case studies for large landslides [41,47,48,49,50,51]. Figure 3 shows the aerial view of the Tsaoling area taken in 2012. Before the incident of the Chi-Chi earthquake in 1999, there was already an obvious V-shaped scarplet in the landslide crown area, a precursor of sliding before the landslide event [43]. When the Chi-Chi earthquake occurred, a large-scale rock avalanche was triggered, forming a large-scale bare slope. Afterwards, there were incisions that initiated water gullies on the sliding surface after being flushed by the surface runoff. Up until 2012, there was obvious gully development caused by continual incisions on the slope. The Cholan Formation and the Chinshui Shale, as well as their stratigraphic boundary, could be seen from the terrain height difference in the Chunqiu Cliff. Figure 3 shows that the terrain of the Tsaoling landslide area is an obvious dip slope, with the upper part being the Cholan Formation and the lower part being the Chinshui Shale. The Chunqiu Cliff line moves to the north over time because of the constant collapse of the sandstone in the Cholan Formation. Therefore, in this study, the gullies in the sliding surface were identified and interpreted according to the multi-period ALS DEMs and aerial images from 1999 to 2011 to gain an understanding of the ground surface erosion, especially the gully incision rate on the bedrock within the study area after the Chi-Chi earthquake triggered the landslide.





3. Materials and Methods


In this study, the ALS technique was used to produce three periods of DEMs by the Council of Agriculture and the Central Geological Survey together with five periods of orthoimages for interpretation. The orthoimages in 2011 and 2012 are the aerial images taken when the ALS survey was being conducted. The orthoimages in 1998, 1999, and 2003 are the historical images recorded in routine aerial photography campaigns for Taiwan forests by the Aerial Survey Office, Forest Bureau (ASO).



3.1. Airborne Laser Scanning (ALS)


Airborne laser scanning (ALS) obtains optimal resolution and accuracy in regional-scale terrain topographic surveying and mapping. The data used in this study were obtained in April 2002, August 2011, and September 2012. In April 2002, the Council of Agriculture used ALS to conduct the topographic survey of the Chi-Chi earthquake area to examine the feasibility of its use in surveying and the application of the technology [52]. In August 2011, the ALS survey was implemented to obtain an island-wide DEM with 1 m resolution in Taiwan by the Central Geological Survey, Ministry of Economic Affairs (MOEA), after serious damage was induced by Typhoon Morakot. A point cloud density of 1.5 pt/m2 was targeted in the ALS survey for the hilly and mountainous areas above 800 m. In September 2012, the ALS survey for the Tsaoling area was conducted by this research team. The survey covered the same area as the DEM data obtained in 2011. All the relevant flight parameters for these three measurements are shown in Table 1. The ALS data for the three periods were obtained through the same processes. First, the data obtained after the flights were calculated with flight strip adjustment. Second, the original point cloud data were obtained for further classification of the point cloud data. The point clouds were divided into four categories: ground points, non-ground points, water body points, and outlier points. Subsequently, the digital surface model (DSM) and the bare-earth DEM can be generated. For the ALS surveys of the 2011 and 2012 periods, the aerial photos were taken and orthorectified into orthoimages of 25 cm resolution. As the ALS data in 2011 have a wide and complete coverage in all the areas, the terrain data of that period are employed as the benchmark for the accuracy assessment.



For comparison purposes, the TWD97 ground coordinate system was adopted for the ALS data in each period [53], and the Taiwan Vertical Datum 2001 (TWVD 2001) was adopted for the vertical coordinate system [54].




3.2. Aerial Photogrammetry


Aerial photogrammetry can be used to obtain the orthoimage and digital terrain model data, which are helpful in conducting topographic analysis and geomorphological interpretation. The Aerial Survey Office of the Forest Bureau (ASO) regularly takes aerial photographs across Taiwan. The images from previous years can be used for terrain change analysis. The historical orthoimages in the areas adjacent the Tsaoling landslide were selected in this work, including images taken on 21 July 1998, 24 September 1999, 21 June 2002, and 1 July 2012 as shown in Figure 4. In addition, the two periods of aerial photographs obtained during the ALS surveys were also used in this study. Therefore, orthoimages from six periods with a pixel resolution of at least 25 cm were used in the topographic feature interpretation in the Tsaoling landslide area. Additionally, in order to understand the condition of the slope terrain immediately after the Chi-Chi earthquake, the aerial images of 1999 were used for generating the DEM data. The six aerial photographs together with the ALS DEMs were used to conduct the topographic feature interpretation in the landslide area from the perspective of shallow landslides, landslide scars, erosion gullies, and landslide dams.




3.3. Calculation Methods for Gully Incision Depth


3.3.1. Equal-Interval Cross Section Selection Method


The terrain features in the landslide area can be characterized by slope analysis, hillshade analysis, and other visualization calculations using the ALS DEMs. Subsequently, the terrain features of the landslide surface, such as gullies and landslide cliffs, can be interpreted. The characterization of erosion gullies shown in Figure 3 is based on the ALS DEM data in 2012. The five gullies (A–E), which are located in the Cholan Formation, are interpreted according to the different lithological characteristics on the landslide surface. Gullies A, B, and C are continuously eroding the Chinshui Shale to the Qingshui River channel, and gullies D and E merge into Gully C. Using GIS spatial analysis and other tools, the gully cross sections are set at 20 m intervals. In each section, the high point and low point of the gully are determined to obtain the depth of the gully in each period. Moreover, the depth change of the gully incision is also obtained through the different periods of the ALS DEMs. In Figure 5, PH is the highest point of the gully section, while PL is the lowest point of the gully section. The depth of the gully, D, can be obtained by D = PH − PL. The gully incision rate, R, from t1 to t2 is R = (Dt2 − Dt1)/(t2 − t1).




3.3.2. Continuous Swath Profiles Selection Method


The traditional single cross section method uses a single straight line to extract the topographic elevations. The swath profiles method [55,56], in contrast, implements continuous calculations for the gully terrain data. In this way, the high and low points of a continuous series of cross sections for the whole gully can be obtained from the source to the point where it flows into the main stream. The gully depth and incision rate can be calculated accordingly.



In general, the swath profiles method uses a rectangle to select the area to be drawn. The DEM data within the rectangle is rotated so that one side of the cross section to be drawn is parallel to the south-north direction. After calculation, the maximum value, minimum value, mean, and standard deviation of all the height values can be obtained in each line. The values obtained in each line are used to draw the profile, so the profile lines of the maximum value, minimum value, mean, and standard deviation within the rectangle [55,56] are obtained. This study selected irregular areas along the gullies to draw the swath profiles [11]. As described above, the DEM data within the irregular areas were rotated to make one side of the profiles be parallel to the south–north direction. Then, the highest and lowest values of the profile were determined. Subsequently, the elevation difference should represent the gully depth for each period and the difference in gully depth between two periods represents the gully incision depth. The gully incision rate can be obtained by dividing the gully incision depth by the time interval between the selected periods.






4. Results


4.1. Image Interpretation Results


Orthoimages with at least 25 cm resolution from six different periods were employed to interpret the terrain changes, as shown in Figure 4. Figure 4a shows the image of the Tsaoling area before the Chi-Chi earthquake, in which a small settlement and several roads can be seen in the forefront of the landslide area. After the earthquake, the settlement slid to the opposite bank of the Qingshui River at the foot of the slope and was covered by soil and rocks, causing the death of 29 residents. Figure 4b shows the image several days after the earthquake. After the rock slide, a flat sliding surface was revealed and a dip-slope terrain was formed. In the middle of the slope, the Cholan Formation can be seen in the top half and the Chinshui Shale can be seen in the lower half, with the Chunqiu Cliff as their boundary. The Qingshui River was nearly filled by the large amount of soil and rocks sliding to the river course after the landslide, initiating the formation of the landslide dam. Figure 4c shows the image from 2002. The landslide dam, formed by soil and rocks, still existed two years after the earthquake. Most areas on the slope were still bare ground, without full coverage of plants. Many gullies were developing along the slope. On the northeast side of the slope, there were several intercepting ditches parallel to the slope after a manual restoration project, as well as several artificial gullies going downward along the slope. Figure 4d shows the image from 2011 when the landslide dam had disappeared. Compared with Figure 4c taken in 2002, the slope was covered by plants. Several larger gullies could be identified from the aerial photo, while the remaining small gullies were mostly covered by plants. Terrain cliffs caused by the large lithological difference between the sandstone and shale, such as the Chunqiu Cliff, could be identified from the image. In Figure 4e, only the area circumscribed by the yellow dashed line was taken in July 2012. At that time, clouds covered a wide area, so only the cloud-free area was presented here to observe the location change of the Chunqiu Cliff. Figure 4f shows the image from September 2012. Compared with that of 2011, shown in Figure 4b, a further collapse of the Chunqiu Cliff, a position change of the slope, and sand and rocks after a slide can be observed. However, there was no significant difference in the other geomorphological characteristics.




4.2. DEM Topographic Interpretation


The ALS technique was used to produce three periods of DEM data for interpretation. In order to understand the slope terrain change shortly after the earthquake, aerial photogrammetry was also used to produce the DEM data shortly after the Chi-Chi earthquake in 1999. The four periods of DEM data are shown in Figure 6 in the form of a color-shaded relief map. This kind of terrain shadow map can be used to show the geomorphological characteristics of slopes. Figure 6a shows the DEM image shortly after the Chi-Chi earthquake in 1999. In the figure, the zone of depletion triggered by the earthquake and the zone of accumulation can be clearly seen. The sliding surface of the landslide area was an obvious planar slope, with no gully development. Sand and rocks from the landslide filled the channel of the Qingshui River, resulting in a landslide dam. Figure 6b shows the DEM image from 2002 after the landslide. A large amount of soil and rocks blocked the river course. In some parts of the zone of accumulation, new river channels were formed by the effects of erosion. The landslide dam existed for two years after the earthquake. Gullies gradually developed on the slope during this period. The grey areas represent non-measured areas or areas with no effective data. Figure 6c shows the DEM from 2011. Affected by erosion and incision, the rock blockage was eroded and cleared from the main course of the Qingshui River, and the landslide dam no longer existed. Significant gully development can be observed in this period. Figure 6d is the DEM measured in 2012, from which the topographical conditions of the Tsaoling landslide area 10 years after the earthquake can be observed, including the gully development of the collapsing slope, the Chunqiu Cliff, and the Qingshui River channel. In Figure 6a–d, the geomorphological evolution of the Tsaoling landslide area since the Chi-Chi earthquake in 1999 can be observed. This verifies the feasibility of using multiple-period DEM data to identify and interpret gullies, river course incisions, and the development and degradation of landslide dams.




4.3. Calculations of Incision Rates


To calculate the gully incision rate, five gullies on the slope of the Tsaoling landslide area, which can be interpreted by the orthoimages and the DEM data, were selected. After the interpretation, the three periods of ALS DEMs were used to calculate the incision rate using the 20 m equal-interval cross section method and the continuous swath profiles selection method.



4.3.1. The Equal-Interval Cross Section Selection Method


For each selected gully, the cross sections were evaluated every 20 m, which resulted in 42–78 sets of cross section data, depending on the length of each gully (Table 2). Calculations were performed on each cross section, and the results are shown in Table 2, where the number of cross sections, maximum depth change, and change of average gully depth are listed in terms of the lithologic distribution in the position of the section. The Chinshui Shale was not observed in Gullies D and E. The cross section depth change of the five gullies from A to E indicated a maximum depth difference from 2002–2011 between 6.68 and 17.43 m and an average depth difference of between 2.08 and 5.69 m. The maximum depth difference from 2011–2012 was between 1.17 and 8.40 m, and the corresponding average depth difference of the gullies was between 0.31 and 1.09 m. In the Chinshui Shale, the maximum depth difference from 2002–2011 was between 43.9 and 65.13 m, and the average depth difference of the gullies was between 21.31 and 35.79 m. The maximum depth difference from 2011–2012 was between 3.96 and 9.84 m, and the corresponding average depth difference was between 0.62 and 3.06 m.




4.3.2. The Continuous Swath Profiles Selection Method


The continuous calculation was also conducted using the swath profiles method for the selected gullies. Figure 7 shows the swath profile results for the five gullies in each DEM period, as well as the elevation difference between the highest and lowest values or the gully depth in each period. The grey dashed line in the figure shows the boundary between the Cholan Formation featuring the thick sandstone layer and the Chinshui Shale. Due to significant differences in lithological properties between the two areas, the Chunqiu Cliff was formed at the boundary with a large elevation difference. As shown in Figure 7, the sliding of the Chunqiu Cliff sandstone caused the cliff line to move gradually to the north. The sliding area was also included in the swath profiles calculation. However, since the elevation difference within the sliding area was not the result of gully erosion, the elevation difference values of the collapsed area of the Chunqiu Cliff were excluded in the calculation for Gullies A, B, and C. These results are shown in Table 3. In this table, the number of calculated cross sections, the maximum depth of change, and the average depth change of each gully according to the lithological locations are listed. Gullies D and E did not involve the Chinshui Shale. For the cross section depth of Gullies A to E distributed in the Cholan Formation, the maximum depth difference of the gullies from 2002 to 2011 was between 7.23 and 15.02 m, while the average depth difference was between 2.88 and 4.81 m. The maximum depth difference of the gullies from 2011 to 2012 was 1.91–4.76 m, while the average depth difference was between 0.32 and 0.58 m. For the three gullies in the Chinshui Shale, the maximum depth difference from 2002 to 2011 was between 16.17 and 51.92 m, and the average depth difference was between 8.57 and 28.27 m. The maximum depth difference of the gullies from 2011 to 2012 was between 2.94 and 5.05 m, and the average depth difference was between 0.45 and 1.52 m.



Table 4 shows the gully incision depth results using the equal-interval cross section selection method and the continuous swath profiles selection method. The incision rates of gullies with different lithological properties in various periods can be acquired based on the calculated incision rates and the time intervals determined from the DEM data sets. The gully incision rates of the Cholan Formation and Chinshui Shale obtained using the 20 m cross section method were between 0.23 m/year and 0.63 m/year and 2.35 and 3.98 m/year from 2002 to 2011, and 0.31 and 1.09 m/year and 0.62 and 3.06 m/year from 2011 to 2012, respectively. The gully incision rates of the Cholan Formation and Chinshui Shale obtained using the continuous swath profiles selection method were between 0.32 and 0.53 m/year and 0.95 and 3.14 m/year from 2002 to 2011, and 0.32 and 0.58 m/year and 0.45 and 1.52 m/year from 2011 to 2012, respectively.





4.4. Three-Period ALS DEM Data Comparison and Error Estimation


When comparing DEM data from different periods, the difference in data accuracy from the different periods affects the results of the comparison. Therefore, in this work, error estimation is implemented based on the statistics between the two periods of data [11]. Forty-one points located outside the Tsaoling landslide affected areas were adopted as the ground control points (GCPs), as they were easy to identify, flat, not covered by vegetation, and characteristic corners of buildings. The GCPs were selected based on the multi-period ALS data and orthoimages, where the selected points show no obvious signs of movement during the periods. These points were used to carry out the error estimation for the elevations from the three-period DEM data. The root mean square errors between 2002 DEM and 2011 DEM and between 2002 DEM and 2012 DEM were, respectively, 0.31 m and 0.32 m. The root mean square error between 2011 DEM and 2012 DEM was 0.17 m. The results of other error calculations are shown in Table 5.



The comparative analysis of multiple-period DEM data has been widely used in studies on terrain change, such as geomorphological evolution, geological hazards, and river channel sediment transport [57,58,59]. The principle of this approach is to calculate the difference between the later elevation and the corresponding earlier elevation. Three periods of ALS DEMs constructed for the Tsaoling area were used in this study. Figure 8 shows the terrain change results of the Tsaoling area in two different periods, i.e., the nine-year long-term DEM data during 2002–2011 and the one-year short-term DEM data during 2011–2012. Figure 8a,b shows the elevation change diagrams for the two periods, respectively, where the color map represents the topographic change. The cool colors represent the decrease in terrain elevation, indicative of the effects of surface erosion. The warm colors represent the increase in terrain elevation, indicative of the effects of debris accumulation. The increasing and decreasing values were then enhanced by a continuous numerical method, the results of which are shown in Figure 8c,e to demonstrate changes during 2002–2011. It can be seen that, in the long term, the erosion effect was mainly exerted on the adjacent area of the Qingshui River, the Chunqiu Cliff, the shallow collapsing area of the upper edge of the slope, and the slope gullies. Accumulation occurred under the Chunqiu Cliff, as well as the location under the shallow sliding site on the upper edge of the slope. Figure 8d,f shows the changes during 2011–2012. Both erosion and accumulation were densely concentrated in the areas adjacent to the Qingshui River and the Chunqiu Cliff. It can be concluded from Figure 8 that the volume and range of erosion and accumulation are greater considering long-term geomorphological effects than when considering short-term geomorphological effects.





5. Discussion


5.1. Three-Period Data Comparison and Error Evaluation


The high-resolution ALS DEMs generated from three different periods were employed in this study to identify the gully distribution on the sliding surface of the Tsaoling landslide area. With the cross section locations determined based on the lithology on the sliding surface, incision depths were calculated. The three periods of DEM data produce different errors related to different production times and flight measurement planning. When comparing the DEMs, one must have sufficient information about data quality; especially the flight mission plan for the particular measurement area, including flight height, flight speed, heading, and route overlap rate, which will all affect the DEM resolution and error. In general, the elevation error of ALS is about 0.1–0.3 m. In planar areas with no vegetation, this can be below 0.1 m [11,52]. Under general treatment procedures, the DEM error will be affected by terrain slope, plant type, and vegetation density. The DEM error for bare planar ground should be better than that for bare slope areas. Similarly, areas with sparse vegetation should have superior results in terms of error than areas with dense vegetation. The target of this study is mainly to investigate gully bedrock incisions, which can be considered as areas with sparse vegetation. In Table 5, the relative errors of the data in each period calculated with the same ground control points are compared. Using the 2011 DEM as the benchmark, the root mean square error of 2002 DEM and 2011 DEM is 0.31 m, and the root mean square error of 2011 DEM and 2012 DEM is 0.17 m. The ALS DEMs can be used to directly measure the terrain changes by comparing the incision depths obtained during different periods for each gully. Due to flight and equipment parameters, the resolution and accuracy of the 2002 DEM are not as good as in the two later periods. However, the longer observation time and more extensive terrain change during this period allowed the 2002 DEM to be appropriate for gully evolution calculations. Previous studies [30,35] have showed that the ALS DEMs can be applied to gully measurements as long as the point cloud density is sufficiently high. The present study also showed that the ALS DEMs could be applied to the direct observation and measurement of the erosion gullies, greatly reducing the amount of time-consuming fieldwork, such as configuring erosion pins or cross section measurements. The comparison of multiple periods of DEMs can directly illustrate the terrain evolution in different stages within the whole area. As shown in Figure 8, the extent of erosion or accumulation can be clearly interpreted by a certain time.




5.2. Gully Incision Rate


In this study, the gully bedrock incision rate was calculated using two different methods, i.e., the equal-interval cross section selection method and continuous swath profiles selection method (Table 4). The results show that the incision rate of the bedrock within the Chinshui Shale was significantly higher than that of the Cholan Formation. For the five selected gullies in the study area, their water accumulation areas, slopes, and climatic conditions are similar, which suggests that the erosion resistance of the Chinshui Shale is weaker than that of the Cholan Formation. The resistance to erosion is closely related to the lithological strength. The overall rock strength of the Cholan Formation, which is composed of interlayers of thick sandstone and shale, is greater than that of the Chinshui Shale that consists mainly of shale. The finding that the incision rate of gully bedrock is affected by lithological composition is also in agreement with the results of river channel incision rate results from previous studies [16,17,60].



A field investigation was also performed to examine the lithological composition of the sidewall and bedrock of the gullies, as shown in Figure 9. The gully sidewalls within the Cholan Formation mainly consist of thin interlayers of sandy shale, while the bedrock primarily features thick sandstone. The thick sandstone of the bottom has significantly larger lithological strength than the sidewall. A wide and shallow U-shaped gully is currently formed within the Cholan Formation (Figure 9b,c), possibly due to the fact that erosion occurs faster on the sidewall than the gully bottom. Within the Chinshui Shale, the gullies are exposed as shale, forming a wide and deep V-shape due to fast incision (Figure 9d). The differences in morphology and incision rate among the studied gullies should be associated with various mechanisms of riverbed incision and erosion, including plucking, abrasion, cavitation, and solution erosion [61]. In addition, these differences might also relate to the location and interval distance of the discontinuous cross sections, as well as the regional geological structure, which should be examined in future studies. Nevertheless, the ALS DEM is a useful analytical tool in erosion and incision research.




5.3. Continuous Sampling and Intermittent Sampling


Most studies of the erosion rate of river channel incisions in the past employed direct cross section measurements in the river channel [15,16]. The advancements in remote sensing technology with improved DEM resolution offer efficient alternative methods for river channel cross section selection [7,30,34,35]. For the equal-interval method, the interval distance needs to be carefully determined based on the scale of the slope gully. If the distance is too large, the volume of the cross section data would be too small, and it would be doubtful whether the gully depth could be accurately reflected. If the distance is too small, the volume of data should be sufficient, but the extraction will be time-consuming, and the effectiveness might still be questionable in some cases. In this study, based on the slope scale of the study area, 20 m was set as the interval distance for this method so that the number of sections is statistically significant.



The application of the swath profiles method has mostly appeared in discussions associated with tectonic structures or landslides on a regional scale [11,62]. By using this method, the maximum value and minimum value of each cross section can be directly calculated in a continuous manner from the source of the gully based on the DEM resolution. With the obtained minimum values, the longitudinal section of the gully considered consistent with the actual topography can be drawn. The elevation difference between the highest and lowest values can be used to indicate the incision depth of the gully, as shown in Figure 7. This method can quickly obtain the data of the longitudinal cross sections of the gully, as well as the corresponding elevation change. In addition, it also has the advantage of automatically excluding a small number of special topographic variations affecting the overall calculation of incision depth. For example, between the Cholan Formation and the Chinshui Shale in the investigated slope, the Chunqiu Cliff is formed because of the remarkable lithological difference. The shale erosion below the Chunqiu Cliff results in a continuous collapse of the sandstone cliff, and the elevation difference observed should not be considered in the gully erosion depth calculation. If the erosion rates calculated by the two methods (Table 4) are compared, the difference between the two methods within the Cholan Formation is small, but large discrepancies can be seen for the Chinshui Shale. The reason for this probably lies in the ability of the continuous swath method to reflect accurately the changes in both the accumulation and erosion of the gully. In the area of the Chinshui Shale, Gullies A, B, and C are all affected by debris accumulation from the Chunqiu Cliff (Figure 8c,d). The equal-interval method may have partially ignored the influence of debris accumulation at certain locations, leading to much smaller incision rates in the Chinshui Shale than those calculated using the continuous swath method. Therefore, it is reasonable and convenient to obtain complete gully evolution data using the continuous swath method before conducting targeted data analysis according to the actual geomorphological features.




5.4. The Effects of Typhoon Soula


Three periods of ALS DEMs were used in this study to discuss gully erosion evolution on the landslide slope. The interval of the first two periods of data is nine years, and the interval of the last two periods is about one year. Compared to previous studies, the present study should be considered as a short-term topographic erosion investigation. Figure 10 shows the data of the last two periods from August 2011 and September 2012, where the effects of erosion can be observed from the retreat of the Chunqiu Cliff outline. According to the rainfall data in Figure 2, during this three-day period, only Typhoon Soula caused torrential rain with more than 700 mm of rainfall. Figure 10a,c shows aerial photos taken in the last two ALS DEM measurements. Additionally, Figure 10b shows an orthoimage (selected from the ASO historical aerial photograph library) taken in July 2012, just prior to Typhoon Soula. According to the DEM-based terrain shadow map illustrating elevation changes during 2011–2012 (Figure 10d), along with the superimposed Chunqiu Cliff position change from Figure 10a–c at three time points, no major change in the cliff position can be observed before Typhoon Soula. Therefore, it can be inferred that the topographic elevation change during 2011–2012 was mainly due to the torrential rain brought by Typhoon Soula on 30 July 2012. This also suggests that, when using multiple-period ALS DEMs, the determination of the time cycle for data acquisition could be based on topographic changes induced by large-scale external forces, such as typhoons and earthquakes.




5.5. Gully Bedrock Incision Rate


The gully bedrock incision rate reflects terrain features, such as lithology, slope, discontinuous surface distribution, tectonic characteristics, river width, and basin size, as well as the impacts of regional tectonic structures and climatic conditions [63,64,65]. The long-term incision rate is often obtained using the sediment dating or river terrace dating methods. These data, covering thousands of years or more than ten thousand years, usually result in incision rates on the order of mm/year. The short-term incision rate of a few years or decades can be obtained using erosion pins or cross section measurements, with a typical incision rate ranging from a few to tens of mm/year. The short-term rate is much larger than the long-term rate [15,16,17]. In this study, the gully bedrock incision rates range from as small as 0.23 to as large as 3.98 m/year. With an incision rate several or dozens of times larger than that of a typical river, these gullies develop so rapidly that the pace can be analogous to direct cutting on the slope rock. In addition, with shale as the main lithological component, the toe area of the slope has been eroded by the mainstream of the Qingshui River for decades, and the slope has become a geologically unstable area. As a result, when earthquakes, typhoons, or torrential rains occur, landslides would be triggered again in this area.





6. Conclusions


Understanding the fundamental processes of landslides will help manage and mitigate landslide-related natural hazards. Recent advancements in ALS technology have provided a great opportunity for characterizing landslides through developing improved methods in multi-period DEM differencing and geomorphometry. This study used the ALS DEMs from three different periods to interpret the gullies formed on the slope after the Tsaoling landslide. The elevation change was used to calculate the gully bedrock incision rate. By estimating errors associated with the gully incision depth calculation, it was verified that the gully erosion related terrain change could be efficiently determined using ALS DEMs, greatly reducing the amount of time-consuming fieldwork, such as installing erosion pins and making direct cross section measurements. In this study, the incision rate was calculated using two different methods for cross section extraction, the 20 m equal-interval cross section selection method and the continuous swath profiles selection method. The two methods gave similar results for the Cholan Formation, but different results for the Chinshui Shale. Based on the findings, we suggest that the continuous swath method should be used as it can reflect the elevation change of the gullies on a continuous basis. The gully bedrock incision rates in the Chinshui Shale were found to be significantly greater than in the Cholan Formation, indicating that the erosion resistance of the former is weaker than that of the latter. In this study, the gully bedrock incision rates ranged between 0.23 and 3.98 m/year, remarkably higher than the typical results from the previous studies, suggesting that the high erosion rate is also one of the primary factors leading to repeated landslides in this region. By comparing the DEM data, aerial photos, and precipitation records of this area, the effects of erosion could be observed from the retreat of the Chunqiu Cliff outline during August 2011 to September 2012. It was inferred that the change in the topographic elevation during 2011–2012 was mainly due to the torrential rain brought by Typhoon Soula, which occurred on 30 July 2012. Thus, it can be said that if the sampled period is too short or there are no external events during this period, the degree of terrain change is likely to be in the range of the ALS DEM error, and it may not reflect the actual changes in the terrain.







Acknowledgments


This research was supported by the Project of Investigation and Analysis for Geologically Sensitive Areas under the Program of National Land Preservation from the Central Geological Survey, MOEA, Taiwan; Grant No. MOST-105-2116-M-001-019, MOST103-2116-M-002-031-MY3, MOST104-2116-M-002-013, and MOST105-2116-M-002-003 from the Ministry of Science and Technology, Taiwan; and Institute of Earth Sciences, Academia Sinica (Contribution No. IESAS2063). We would like to thank our colleagues, particularly Li-Yuan Fei and Chin-Shyong Hou, for their continual support at the LiDAR Group of the Environmental Engineering Division in the Central Geological Survey, MOEA. We thank Ruo-Ying Wu from the Chinese Culture University for assisting with the GCP data analysis. The constructive comments and suggestions from three reviewers are much appreciated for improving the manuscript.




Author Contributions


Yu-Chung Hsieh, Yu-Chang Chan and Jyr-Ching Hu designed the research project for directly measuring erosion rates on the landslide slope in the study area. Yu-Chung Hsieh carried out data acquisition, analysis and preliminary writing. Rou-Fei Chen and Yi-Zhong Chen helped with some of the DEM error estimation and equal-interval cross section selection. Mien-Ming Chen and Yi-Zhong Chen helped with fieldwork in the Tsaoling landslide area. Yu-Chang Chan contributed to the final writing and revisions of the paper.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Chang, K.-J.; Taboada, A.; Chan, Y.-C. Geological and morphological study of the Jiufengershan landslide triggered by the Chi-Chi Taiwan earthquake. Geomorphology 2005, 71, 293–309. [Google Scholar] [CrossRef]

	



Chen, R.-F.; Chang, K.-J.; Angelier, J.; Chan, Y.-C.; Deffontaines, B.; Lee, C.-T.; Lin, M.-L. Topographical changes revealed by high-resolution airborne LiDAR data: The 1999 Tsaoling landslide induced by the Chi–Chi earthquake. Eng. Geol. 2006, 88, 160–172. [Google Scholar] [CrossRef]

	



Corsini, A.; Borgatti, L.; Cervi, F.; Dahne, A.; Ronchetti, F.; Sterzai, P. Estimating mass-wasting processes in active earth slides—Earth flows with time-series of High-Resolution DEMs from photogrammetry and airborne LiDAR. Nat. Hazards Earth Syst. Sci. 2009, 9, 433–439. [Google Scholar] [CrossRef]

	



DeLong, S.B.; Prentice, C.S.; Hilley, G.E.; Ebert, Y. Multitemporal ALSM change detection, sediment delivery, and process mapping at an active earthflow. Earth Surf. Process. Landf. 2012, 37, 262–272. [Google Scholar] [CrossRef]

	



Huang, Y.; Yu, M.; Xu, Q.; Sawada, K.; Moriguchi, S.; Yashima, A.; Liu, C.; Xue, L. InSAR-derived digital elevation models for terrain change analysis of earthquake-triggered flow-like landslides based on ALOS/PALSAR imagery. Environ. Earth Sci. 2014, 73, 7661–7668. [Google Scholar] [CrossRef]

	



Roering, J.J.; Stimely, L.L.; Mackey, B.H.; Schmidt, D.A. Using DInSAR, airborne LiDAR, and archival air photos to quantify landsliding and sediment transport. Geophys. Res. Lett. 2009, 36. [Google Scholar] [CrossRef]

	



Derose, R.C.; Gomez, B.; Marden, M.; Trustrum, N.A. Gully erosion in Mangatu Forest, New Zealand, estimated from digital elevation models. Earth Surf. Process. Landf. 1998, 23, 1045–1053. [Google Scholar] [CrossRef]

	



Grove, J.R.; Croke, J.; Thompson, C. Quantifying different riverbank erosion processes during an extreme flood event. Earth Surf. Process. Landf. 2013, 38, 1393–1406. [Google Scholar] [CrossRef]

	



Heritage, G.; Hetherington, D. Towards a protocol for laser scanning in fluvial geomorphology. Earth Surf. Process. Landf. 2007, 32, 66–74. [Google Scholar] [CrossRef]

	



Dewitte, O.; Jasselette, J.C.; Cornet, Y.; Van Den Eeckhaut, M.; Collignon, A.; Poesen, J.; Demoulin, A. Tracking landslide displacements by multi-temporal DTMs: A combined aerial stereophotogrammetric and LiDAR approach in western Belgium. Eng. Geol. 2008, 99, 11–22. [Google Scholar] [CrossRef]

	



Hsieh, Y.-C.; Chan, Y.-C.; Hu, J.-C. Digital elevation model differencing and error estimation from multiple sources: A case study from the Meiyuan Shan landslide in Taiwan. Remote Sens. 2016, 8, 199. [Google Scholar] [CrossRef]

	



Milan, D.J.; Heritage, G.L.; Hetherington, D. Application of a 3D laser scanner in the assessment of erosion and deposition volumes and channel change in a proglacial river. Earth Surf. Process. Landf. 2007, 32, 1657–1674. [Google Scholar] [CrossRef]

	



Ventura, G.; Vilardo, G.; Terranova, C.; Sessa, E.B. Tracking and evolution of complex active landslides by multi-temporal airborne LiDAR data: The Montaguto landslide (Southern Italy). Remote Sens. Environ. 2011, 115, 3237–3248. [Google Scholar] [CrossRef]

	



Tarolli, P. High-resolution topography for understanding Earth surface processes: Opportunities and challenges. Geomorphology 2014, 216, 295–312. [Google Scholar] [CrossRef]

	



Collins, B.D.; Montgomery, D.R.; Schanz, S.A.; Larsen, I.J. Rates and mechanisms of bedrock incision and strath terrace formation in a forested catchment, Cascade Range, Washington. Geol. Soc. Am. Bull. 2016, 128, 926–943. [Google Scholar] [CrossRef]

	



Whipple, K.X.; Snyder, N.P.; Dollenmayer, K. Rates and processes of bedrock incision by the Upper Ukak River since the 1912 Novarupta ash flow in the Valley of Ten Thousand Smokes, Alaska. Geology 2000, 28, 835–838. [Google Scholar] [CrossRef]

	



Montgomery, D.R. Observations on the role of lithology in strath terrace formation and bedrock channel width. Am. J. Sci. 2004, 304, 454–476. [Google Scholar] [CrossRef]

	



Schaller, M.; Hovius, N.; Willett, S.D.; Ivy-Ochs, S.; Synal, H.A.; Chen, M.C. Fluvial bedrock incision in the active mountain belt of Taiwan from in situ-produced cosmogenic nuclides. Earth Surf. Process. Landf. 2005, 30, 955–971. [Google Scholar] [CrossRef]

	



Pratt-Sitaula, B.; Garde, M.; Burbank, D.W.; Oskin, M.; Heimsath, A.; Gabet, E. Bedload-to-suspended load ratio and rapid bedrock incision from Himalayan landslide-dam lake record. Quat. Res. 2007, 68, 111–120. [Google Scholar] [CrossRef]

	



Liang, H.; Zhang, K.; Fu, J.; Li, L.; Chen, J.; Li, S.; Chen, L. Bedrock river incision response to basin connection along the Jinshan Gorge, Yellow River, North China. J. Asian Earth Sci. 2015, 114, 203–211. [Google Scholar] [CrossRef]

	



Finnegan, N.J.; Schumer, R.; Finnegan, S. A signature of transience in bedrock river incision rates over timescales of 104–107 years. Nature 2014, 505, 391–394. [Google Scholar] [CrossRef] [PubMed]

	



Reusser, L.J.; Bierman, P.R.; Pavich, M.J.; Zen, E.-a.; Larsen, J.; Finkel, R. Rapid Late Pleistocene Incision of Atlantic Passive-Margin River Gorges. Science 2004, 305, 499–502. [Google Scholar] [CrossRef] [PubMed]

	



Leland, J.; Reid, M.R.; Burbank, D.W.; Finkel, R.; Caffee, M. Incision and differential bedrock uplift along the Indus River near Nanga Parbat, Pakistan Himalaya, from 10Be and 26Al exposure age dating of bedrock straths. Earth Planet. Sci. Lett. 1998, 154, 93–107. [Google Scholar] [CrossRef]

	



Burbank, D.W.; Leland, J.; Fielding, E.; Anderson, R.S.; Brozovic, N.; Reid, M.R.; Duncan, C. Bedrock incision, rock uplift and threshold hillslopes in the northwestern Himalayas. Nature 1996, 379, 505–510. [Google Scholar] [CrossRef]

	



Siame, L.L.; Angelier, J.; Chen, R.F.; Godard, V.; Derrieux, F.; Bourlès, D.L.; Braucher, R.; Chang, K.J.; Chu, H.T.; Lee, J.C. Erosion rates in an active orogen (NE-Taiwan): A confrontation of cosmogenic measurements with river suspended loads. Quat. Geochronol. 2011, 6, 246–260. [Google Scholar] [CrossRef]

	



Dadson, S.J.; Hovius, N.; Chen, H.; Dade, W.B.; Hsieh, M.-L.; Willett, S.D.; Hu, J.-C.; Horng, M.-J.; Chen, M.-C.; Stark, C.P.; et al. Links between erosion, runoff variability and seismicity in the Taiwan orogen. Nature 2003, 426, 648–651. [Google Scholar] [CrossRef] [PubMed]

	



Kao, S.-J.; Liu, K.-K. Exacerbation of erosion induced by human perturbation in a typical Oceania watershed: Insight from 45 years of hydrological records from the Lanyang-Hsi River, northeastern Taiwan. Glob. Biogeochem. Cycles 2002, 16, 16-1–16-7. [Google Scholar] [CrossRef]

	



Malik, I. Dating of small gully formation and establishing erosion rates in old gullies under forest by means of anatomical changes in exposed tree roots (Southern Poland). Geomorphology 2008, 93, 421–436. [Google Scholar] [CrossRef]

	



Saez, J.L.; Corona, C.; Stoffel, M.; Rovéra, G.; Astrade, L.; Berger, F. Mapping of erosion rates in marly badlands based on a coupling of anatomical changes in exposed roots with slope maps derived from LiDAR data. Earth Surf. Process. Landf. 2011, 36, 1162–1171. [Google Scholar] [CrossRef]

	



Perroy, R.L.; Bookhagen, B.; Asner, G.P.; Chadwick, O.A. Comparison of gully erosion estimates using airborne and ground-based LiDAR on Santa Cruz Island, California. Geomorphology 2010, 118, 288–300. [Google Scholar] [CrossRef]

	



Goodwin, N.R.; Armston, J.; Stiller, I.; Muir, J. Assessing the repeatability of terrestrial laser scanning for monitoring gully topography: A case study from Aratula, Queensland, Australia. Geomorphology 2016, 262, 24–36. [Google Scholar] [CrossRef]

	



Huang, M.-W.; Pan, Y.-W.; Liao, J.-J. A case of rapid rock riverbed incision in a coseismic uplift reach and its implications. Geomorphology 2013, 184, 98–110. [Google Scholar] [CrossRef]

	



Cook, K.L.; Turowski, J.M.; Hovius, N. A demonstration of the importance of bedload transport for fluvial bedrock erosion and knickpoint propagation. Earth Surf. Process. Landf. 2013, 38, 683–695. [Google Scholar] [CrossRef]

	



Betts, H.D.; DeRose, R.C. Digital elevation models as a tool for monitoring and measuring gully erosion. Int. J. Appl. Earth Obs. Geoinf. 1999, 1, 91–101. [Google Scholar] [CrossRef]

	



Evans, M.; Lindsay, J. High resolution quantification of gully erosion in upland peatlands at the landscape scale. Earth Surf. Process. Landf. 2010, 35, 876–886. [Google Scholar] [CrossRef]

	



James, L.A.; Watson, D.G.; Hansen, W.F. Using LiDAR data to map gullies and headwater streams under forest canopy: South Carolina, USA. CATENA 2007, 71, 132–144. [Google Scholar] [CrossRef]

	



Liu, H.-C.; Lee, J.-F.; Chi, C.-C. Yunlin. In Geological Map of Taiwan Scale 1:50,000, 2nd ed.; Lin, C.-C., Ed.; Central Geological Survey, MOEA: New Taipei City, Taiwan, 2004. [Google Scholar]

	



Hsu, T.-L.; Leung, H. Mass movements in the Tsaoling area, Yunlin-Hsien, Taiwan. Proc. Geol. Soc. China 1977, 20, 114–118. [Google Scholar]

	



Huang, C.-S.; Ho, H.; Liu, H. The geology and landslide of Tsaoling area, Yunlin, Taiwan. Bull. Cent. Geol. Surv. 1983, 2, 95–112. [Google Scholar]

	



Hung, J.-J.; Lee, C.-T.; Lin, M.-L. Tsao-Ling rockslides, Taiwan. Rev. Eng. Geol. 2002, 15, 91–116. [Google Scholar]

	



Tang, C.-L.; Hu, J.-C.; Lin, M.-L.; Angelier, J.; Lu, C.-Y.; Chan, Y.-C.; Chu, H.-T. The Tsaoling landslide triggered by the Chi-Chi earthquake, Taiwan: Insights from a discrete element simulation. Eng. Geol. 2009, 106, 1–19. [Google Scholar] [CrossRef]

	



Lee, C.-T. Geomorphological evolution and geology of the Tsaoling Rockslide. J. Chin. Soil Water Conserv. 2011, 42, 63–73. [Google Scholar]

	



Chigira, M.; Wang, W.-N.; Furuya, T.; Kamai, T. Geological causes and geomorphological precursors of the Tsaoling landslide triggered by the 1999 Chi-Chi earthquake, Taiwan. Eng. Geol. 2003, 68, 259–273. [Google Scholar] [CrossRef]

	



Chen, R.-F.; Chan, Y.-C.; Angelier, J.; Hu, J.-C.; Huang, C.; Chang, K.-J.; Shih, T.-Y. Large earthquake-triggered landslides and mountain belt erosion: The Tsaoling case, Taiwan. Comptes Rendus Geoscience 2005, 337, 1164–1172. [Google Scholar] [CrossRef]

	



Central Weather Bureau (CWB), R.O.C. Typhoon Database. Available online: http://rdc28.cwb.gov.tw/ (accessed on 15 August 2016).

	



Hung, J.-J. Chi-Chi earthquake induced landslides in Taiwan. Earthq. Eng. Eng. Seismol. 2000, 2, 25–33. [Google Scholar]

	



Dong, J.-J.; Yang, C.-M.; Yu, W.-L.; Lee, C.-T.; Miyamoto, Y.; Shimamoto, T. Velocity-displacement dependent friction coefficient and the kinematics of giant landslide. In Earthquake-Induced Landslides; Springer: Berlin, Germany, 2013; pp. 397–403. [Google Scholar]

	



Chang, K.-J.; Wei, S.-K.; Chen, R.-F.; Chan, Y.-C.; Tsai, P.-W.; Kuo, C.-Y. Empirical modal decomposition of near field seismic signals of Tsaoling landslide. In Earthquake-Induced Landslides; Springer: Berlin, Germany, 2013; pp. 421–430. [Google Scholar]

	



Chen, T.C.; Lin, M.L.; Wang, K.L. Landslide seismic signal recognition and mobility for an earthquake-induced rockslide in Tsaoling, Taiwan. Eng. Geol. 2014, 171, 31–44. [Google Scholar] [CrossRef]

	



Yang, C.-M.; Yu, W.-L.; Dong, J.-J.; Kuo, C.-Y.; Shimamoto, T.; Lee, C.-T.; Togo, T.; Miyamoto, Y. Initiation, movement, and run-out of the giant Tsaoling landslide—What can we learn from a simple rigid block model and a velocity–displacement dependent friction law? Eng. Geol. 2014, 182, 158–181. [Google Scholar] [CrossRef]

	



Kuo, C.Y.; Tai, Y.C.; Bouchut, F.; Mangeney, A.; Pelanti, M.; Chen, R.F.; Chang, K.J. Simulation of Tsaoling landslide, Taiwan, based on Saint Venant equations over general topography. Eng. Geol. 2009, 104, 181–189. [Google Scholar] [CrossRef]

	



Peng, M.H.; Shih, T.Y. Error assessment in two LiDAR-derived TIN datasets. Photogramm. Eng. Remote Sens. 2006, 72, 933–947. [Google Scholar] [CrossRef]

	



Ministry of the Interior, R.O.C. Establishment of The national coordinate system. Available online: http://gps.moi.gov.tw/SSCenter/Introduce_E/IntroducePage_E.aspx?Page=GPS_E8 (accessed on 15 December 2015).

	



Ministry of the Interior, R.O.C. Taiwan Vertical Datum. Available online: http://gps.moi.gov.tw/SSCenter/Introduce_E/IntroducePage_E.aspx?Page=Height_E4 (accessed on 15 December 2015).

	



Telbisz, T.; Kovács, G.; Székely, B.; Szabó, J. Topographic swath profile analysis: A generalization and sensitivity evaluation of a digital terrain analysis tool. Z. Geomorphol. 2013, 57, 485–513. [Google Scholar] [CrossRef]

	



Hergarten, S.; Robl, J.; Stüwe, K. Extracting topographic swath profiles across curved geomorphic features. Earth Surf. Dynam. 2014, 2, 97–104. [Google Scholar] [CrossRef][Green Version]

	



Benjamin, M.J.; Jason, M.S.; Ann, E.G.; Guido, G.; Vladimir, E.R.; Thomas, A.D.; Nicole, E.M.K.; Bruce, M.R. Quantifying landscape change in an arctic coastal lowland using repeat airborne LiDAR. Environ. Res. Lett. 2013, 8, 045025. [Google Scholar]

	



Iverson, R.M.; George, D.L.; Allstadt, K.; Reid, M.E.; Collins, B.D.; Vallance, J.W.; Schilling, S.P.; Godt, J.W.; Cannon, C.M.; Magirl, C.S.; et al. Landslide mobility and hazards: implications of the 2014 Oso disaster. Earth Planet. Sci. Lett. 2015, 412, 197–208. [Google Scholar] [CrossRef]

	



Rumsby, B.; Brasington, J.; Langham, J.; McLelland, S.; Middleton, R.; Rollinson, G. Monitoring and modelling particle and reach-scale morphological change in gravel-bed rivers: Applications and challenges. Geomorphology 2008, 93, 40–54. [Google Scholar] [CrossRef]

	



Schanz, S.A.; Montgomery, D.R. Lithologic controls on valley width and strath terrace formation. Geomorphology 2016, 258, 58–68. [Google Scholar] [CrossRef]

	



Whipple, K.X.; Hancock, G.S.; Anderson, R.S. River incision into bedrock: Mechanics and relative efficacy of plucking, abrasion, and cavitation. Geol. Soc. Am. Bull. 2000, 112, 490–503. [Google Scholar] [CrossRef]

	



Burbank, D.W.; Blythe, A.E.; Putkonen, J.; Pratt-Sitaula, B.; Gabet, E.; Oskin, M.; Barros, A.; Ojha, T.P. Decoupling of erosion and precipitation in the Himalayas. Nature 2003, 426, 652–655. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, B.P.; Johnson, J.P.L.; Gasparini, N.M.; Sklar, L.S. Chemical weathering as a mechanism for the climatic control of bedrock river incision. Nature 2016, 532, 223–227. [Google Scholar] [CrossRef] [PubMed]

	



Whipple, K.X.; Tucker, G.E. Dynamics of the stream-power river incision model: Implications for height limits of mountain ranges, landscape response timescales, and research needs. J. Geophys. Res. Solid Earth 1999, 104, 17661–17674. [Google Scholar] [CrossRef]

	



Whittaker, A.C.; Cowie, P.A.; Attal, M.; Tucker, G.E.; Roberts, G.P. Bedrock channel adjustment to tectonic forcing: Implications for predicting river incision rates. Geology 2007, 35, 103–106. [Google Scholar] [CrossRef]








[image: Remotesensing 08 00900 g001 550] 





Figure 1. The location of the study area and the geological map: (top) the location of the Qingshui River relative to the adjacent counties. The red star in the upper left figure is the epicenter of the Mw 7.6 Chi-Chi earthquake in 1999 [2]; (bottom) the geological map of the Tsaoling area with the main Tsaoling landslide area circumscribed by the red line. The dashed lines of different colors indicate the five gullies (A–E) on the landslide slope. The green star is the location of the CWB rain gauge station. 
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Figure 2. The green histograms show the rainfall distribution data recorded by the Tsaoling rain gauge station in the Tsaoling landslide area from 1999 to 2015 with typhoon and torrential rain indicated. The red dashed line is when the Mw 7.6 Chi-Chi earthquake occurred, and the blue solid lines indicate the multi-period ALS data utilized in the study. 
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Figure 3. Aerial photograph of the Tsaoling landslide area taken in 2012. The Chunqiu Cliff and the yellow dashed line are the boundary between the Cholan Formation and the Chinshui Shale, while the red dashed line shows the bedding of the Cholan Formation. The Tsaoling landslide area exhibits typical dip-slope topography. The five gullies on the slope surface are represented by A to E in this study. The Qingshui River passes through the toe of the landslide slope. 
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Figure 4. Orthoimages from six periods with a pixel resolution of 25 cm from 21 July 1998, 24 September 1999, 21 June 2002, 26 August 2011, 1 July 2012, and 17 September 2012 used in the study for topographic feature interpretation. The red outline shows the Tsaoling landslide area. (a) The Tsaoling region before the Chi-Chi earthquake; (b) An image taken several days after the earthquake, showing the Qingshui River affected by the landslide and the formation of a landslide dam; (c) An image taken two years after the earthquake, during which the landslide dam still existed; (d) An image taken in 2011, 12 years after the earthquake, when the landslide dam had disappeared; (e) A superimposed image, used to observe the change in position of the Chunqui Cliff, where only the part highlighted by yellow dashed line was taken in July 2012; (f) An image taken in September 2012. 
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Figure 5. A schematic of the depth calculation for the incision of the gully sections. 
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Figure 6. DEM data produced by three periods of ALS and one period of aerial photogrammetry: (a) the DEM produced by aerial photogrammetry in September 1999 immediately after the earthquake; and (b–d) the DEM data produced by ALS in April 2002, August 2011, and September 2011, respectively. These figures use an elevation shading shadow map to show the elevation distribution and the geomorphological features in which the grey parts represent the areas with no data. 
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Figure 7. (a–e) Geomorphological profile and cross section elevation difference distribution calculated based on the three periods of ALS DEM data using the continuous swath profiles selection method. The former is drawn according to the lowest values of the continuous cross sections, while the latter is drawn by calculating the difference between the highest and lowest values of each cross section. The grey spotted line denotes the position of the Chunqiu Cliff, which is the boundary between the Cholan Formation and the Chinshui Shale. 
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Figure 8. Terrain changes between 2002–2011 and 2011–2012 calculated based on the three-period ALS DEM data: (a,b) The terrain elevation change diagrams between 2002–2011 and 2011–2012, respectively. The color represents the value of geomorphological change. More specifically, the cool colors represent a decrease in terrain elevation because of erosion, whereas warm colors represent an increase in terrain elevation due to debris accumulation. (c,d) The increased area of the DEM terrain elevation during 2002–2011 and 2011–2012, respectively, due to the accumulation effect. (e,f) The decreased area of DEM terrain elevation during 2002–2011 and 2011–2012, respectively, due to the erosion effect. 
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Figure 9. Field images showing the current situation of the Tsaoling landslide slope gullies taken on 21 April 2016: (a) An overview of the entire Tsaoling landslide area. On the slope, only the gullies and parts of the shallow landslides show bare ground, while the remaining area is covered by vegetation; (b) The exposure area of Gully A in the Cholan Formation. The gully sidewall is an interlayer of sandy shale, and the bottom of gully bed is a thick layer of sandstone; (c) Gullies D and E eroded from the sandstone surface of the Cholan Formation; (d) The wide and deep Gullies A and B within the range of the Chinshui Shale, which are quite different in geomorphology compared to the gullies formed within the Cholan Formation shown in (b,c). 
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Figure 10. Movement of the slope line of the Chunqiu Cliff demonstrating the effects of erosion from August 2011 to September 2012: (a) the orthoimage taken in August 2011, where the red dashed line represents the position of the Chunqiu Cliff; (b) the orthoimage taken in July 2012, where the yellow dashed line represents the position of the Chunqiu Cliff; (c) the orthoimage taken in September 2012, where the orange dashed line represents the position of the Chunqiu Cliff; and (d) the DEM-based terrain shadow map illustrating elevation evolution during 2011–2012, superimposed with the slope position of the Chunqiu Cliff at the three time points shown in (a–c). It can be inferred that the terrain elevation change is mainly due to the torrential rain brought by Typhoon Soula on 30 July 2012. 






Figure 10. Movement of the slope line of the Chunqiu Cliff demonstrating the effects of erosion from August 2011 to September 2012: (a) the orthoimage taken in August 2011, where the red dashed line represents the position of the Chunqiu Cliff; (b) the orthoimage taken in July 2012, where the yellow dashed line represents the position of the Chunqiu Cliff; (c) the orthoimage taken in September 2012, where the orange dashed line represents the position of the Chunqiu Cliff; and (d) the DEM-based terrain shadow map illustrating elevation evolution during 2011–2012, superimposed with the slope position of the Chunqiu Cliff at the three time points shown in (a–c). It can be inferred that the terrain elevation change is mainly due to the torrential rain brought by Typhoon Soula on 30 July 2012.



[image: Remotesensing 08 00900 g010]







[image: Table] 





Table 1. Flight parameters of three periods of ALS data used in the study.
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Specification

	
2002

	
2011

	
2012






	
Data Source

	
Council of Agriculture

	
Central Geological Survey MOEA

	
Central Geological Survey MOEA




	
Date

	
10–16 April 2002

	
26–27 August 2011

	
17 September 2012




	
Laser Scanner

	
Leica ALS40

	
Optech ALTM 3070

	
Riegl LMS-Q680i




	
Flight height (m)

	
1200–2200

	
1600

	
2700




	
Flight speed (kts) 1

	
150

	
70

	
100




	
Pulse frequency (KHz)

	
38

	
70

	
130




	
Field of View (FOV, degree)

	
50

	
40

	
40




	
Swath width (m)

	
2051

	
1164.7

	
1164.7




	
Strips overlapping (%)

	
30

	
60

	
50




	
Laser pulse density (pt/m2)

	

	
3.2

	
2.02




	
Resolution (m)

	
2.0

	
1.0

	
1.0








1 1 kts = 1.852 km/h.
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Table 2. The results of gully incision depth calculation by selecting 20 m gully cross sections intervals.
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Lithology

	

	
Incision Depth (m)




	

	
Period

	
A

	
B

	
C

	
D

	
E






	
Cholan Formation

	
No. of cross sections

	
58

	
43

	
78

	
43

	
42




	
Max. ΔH (m)

	
2002–2011

	
6.68

	
6.74

	
13.95

	
17.43

	
13.41




	
2011–2012

	
8.40

	
1.17

	
4.21

	
1.65

	
3.34




	
Average ΔH (m)

	
2002–2011

	
3.17

	
2.25

	
2.82

	
2.08

	
5.69




	
2011–2012

	
1.09

	
0.31

	
0.48

	
0.35

	
0.56




	
Chishui Shale

	
No. of cross sections

	
46

	
47

	
17

	

	




	
Max. ΔH (m)

	
2002–2011

	
64.93

	
43.9

	
65.13

	

	




	
2011–2012

	
7.83

	
9.84

	
3.96

	

	




	
Average ΔH (m)

	
2002–2011

	
26.08

	
21.13

	
35.79

	

	




	
2011–2012

	
3.06

	
1.46

	
0.62
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Table 3. Gully incision depth calculation results using the continuous swath profiles selection method.
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Lithology

	

	
Incision Depth (m)




	

	
Period

	
A

	
B

	
C

	
D

	
E






	
Cholan Formation

	
No. of cross sections

	
1021

	
849

	
1478

	
791

	
799




	
Max. ΔH (m)

	
2002–2011

	
7.23

	
7.99

	
12.95

	
7.81

	
15.02




	
2011–2012

	
2.27

	
4.76

	
1.91

	
2.29

	
2.97




	
Average ΔH (m)

	
2002–2011

	
3.25

	
2.88

	
4.03

	
3.29

	
4.81




	
2011–2012

	
0.32

	
0.45

	
0.51

	
0.48

	
0.58




	
Chinshui Shale

	
No. of cross sections

	
555

	
435

	
274

	

	




	
Max. ΔH (m)

	
2002–2011

	
51.92

	
29.06

	
16.17

	

	




	
2011–2012

	
4.75

	
2.94

	
5.05

	

	




	
Average ΔH (m)

	
2002–2011

	
28.27

	
9.91

	
8.57

	

	




	
2011–2012

	
1.52

	
0.45

	
0.75
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Table 4. Gully incision rate calculation results using the two different methods, i.e., equal-interval cross section selection method and continuous swath profiles selection method.
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Lithology

	
Method

	
Period

	
Incision Rate (m/Year)




	
A

	
B

	
C

	
D

	
E






	
Cholan Formation

	
Equal-Interval

	
2002–2011

	
0.35

	
0.25

	
0.31

	
0.23

	
0.63




	
2011–2012

	
1.09

	
0.31

	
0.48

	
0.35

	
0.56




	
Continuous Swath

	
2002–2011

	
0.36

	
0.32

	
0.45

	
0.37

	
0.53




	
2011–2012

	
0.32

	
0.45

	
0.51

	
0.48

	
0.58




	
Chinshui Shale

	
Equal-Interval

	
2002–2011

	
2.90

	
2.35

	
3.98

	

	




	
2011–2012

	
3.06

	
1.46

	
0.62

	

	




	
Continuous Swath

	
2002–2011

	
3.14

	
1.10

	
0.95

	

	




	
2011–2012

	
1.52

	
0.45

	
0.75
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Table 5. Elevation error estimations between every two periods of ALS DEMs using the same ground control points.
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DEM

	
No. of Checkpoints

	
Min. (m)

	
Max. (m)

	
Mean (m)

	
SD (m)

	
RMSE (m)






	
2002 and 2011

	
41

	
0.16

	
−0.70

	
0.52

	
0.27

	
0.31




	
2002 and 2012

	
41

	
−0.50

	
0.62

	
0.19

	
0.26

	
0.32




	
2011 and 2012

	
41

	
−0.27

	
0.40

	
0.03

	
0.17

	
0.17










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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