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Abstract

:

This study used rainfall and annual landslide data for the 2003–2017 period in Taiwan to determine the long-term evolution of landslides and conducted a spatiotemporal analysis of landslides at the subwatershed scale. The historically severe landslide induced by Typhoon Morakot in 2009 was mainly distributed in the central mountainous region and southern Taiwan. The Mann–Kendall trend test revealed that in 2003–2017, 13.2% of subwatersheds in Taiwan exhibited an upward trend of landslide evolution. Local outlier analysis results revealed that the landslide high–high cluster was concentrated in the central mountainous region and southern Taiwan. Moreover, the spatiotemporal analysis indicated 24.2% of subwatersheds in Taiwan in 2003–2017 as spatiotemporal landslide hot spots. The main patterns of spatiotemporal landslide hot spots in 2003–2017 were consecutive, intensifying, persistent, oscillating, and sporadic hot spots. The recovery rate in the first two years after the extreme rainfall-induced landslide event in Taiwan was 22.2%, and that in the third to eighth years was 31.6%. The recovery rate after extreme rainfall-induced landslides in Taiwan was higher than that after major earthquake-induced landslides in the world, and the new landslides were easily induced in the area of rivers and large landslide cases after Typhoon Morakot in 2009.
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1. Introduction


The rainfall variability under the present and future climate is examined as a function of global warming [1]. The trend of extreme rainfall events has been rising during the last three decades [2], and flood events are sensitive to global climate changes [3]. Rainfall-induced landslides are a common geological disaster in Taiwan that jeopardizes the safety of human life and property. The most severe rainfall-induced landslide disasters have been recorded in Taiwan in the past three decades, especially in 2001–2010 [4,5,6,7]. During 2001–2010, deaths caused by landslide disasters in Taiwan exceeded 1000, including 214 in 2001 caused by Typhoon Toraji, 45 in 2004 caused by Typhoon Mindulle, 33 in 2004 caused by Typhoon Aere, 21 in 2008 caused by Typhoon Sinlaku, and 699 in 2009 caused by Typhoon Morakot. Debris flow and sediment deposition in rivers are secondary geological disasters in watershed units caused by extreme rainfall-induced landslides [8,9]. The dense distribution of landslides and high sediment deposition in rivers have been the two main driving forces for the long-term geomorphologic evolution of landslides in mountainous watersheds in Taiwan in the past decade. Strategies for predicting landslides based on the characteristics of long-term landslide evolution must be developed to mitigate the effects of landslide disasters and secondary geological disasters.



Landslides caused by large-scale earthquakes or extreme rainfall events are usually clustered in mountainous areas near the earthquake epicenter [10,11,12] or with abundant rainfall during extreme rainfall events [6,13]. The spatial-temporal analysis method has been widely used to explore the long-term evolution and distribution of specific phenomena, including water use efficiency [14], the long-term GDP development trend [15], groundwater storage [16], observation of crop growth [17], and urban sprawl [18]. To effectively analyze the temporal distribution and evolution of landslides, a spatiotemporal landslide database should be developed by combining multitemporal landslide inventories [8]. Multitemporal high-resolution and NDVI satellite imagery has been used to build multitemporal landslide inventories for identifying and analyzing multiple landslides [10,19,20]. Satellite images captured by FORMOSAT-2 with a spatial resolution of 2 m during 2003–2017 were used to develop annual landslide inventories in Taiwan. Several serious landslide disaster events occurred during 2003–2017 in Taiwan [21,22]. The spatiotemporal landslide database can be used to analyze the long-term evolution, distribution, and characteristics of landslides in Taiwan [8,9,23].



Landslide evolution analysis has been used to observe the long-term deformation of specific large landslide cases [24,25] or the spatial and temporal distribution of landslides on a watershed scale [8,10,11,12]. Long-term landslide evolution analysis needs multi-temporal remote sensing data, including SPOT images, interferometric synthetic aperture radar (InSAR), and light detection and ranging (LIDAR), to produce landslide inventories, NDVI images, or a digital elevation model for deformation observation [8,9,10,11,12,19,20,21,26,27,28,29,30,31]. The long-term evolution of landslides on a watershed scale has been increasingly studied in the past decade, especially in areas that experience major earthquake events (2005 Kashmir earthquake in Pakistan, 2008 Wenchuan earthquake in China, and 2015 Gorkha earthquake in Nepal) or extreme rainfall events (2009 Typhoon Morakot in southern Taiwan). Many approaches have been used to analyze the long-term evolution of landslides, including the evaluation of the spatial and temporal distribution of landslides using annual data of landslide areas and the number of landslides [10,11,19,26,27], evaluation of the spatial distribution of new, enlarged, and recovered landslides [19,26,27], assessment of the relationship between the spatial distribution of annual landslides and geomorphological factors [10,11,19,26,28], and assessment of the spatial and temporal distribution of landslide activity [10,11,19,26]. The temporal stability of landslides at the subwatershed scale has been examined by evaluating the relationship between annual rainfall [17], monthly rainfall [10], or daily rainfall [19] and the annual number of landslides or area of landslides. Images taken at multiple time points, including those obtained from Google Earth, aerial photographs, and field investigation images, have also been used to study temporal differences in landslide stability and recovery [19,20,26]. The landslide area frequency distribution have been used to examine the composition of recurring and new landslide areas in landslide inventories [20], and the   β   coefficient of the landslide area frequency distribution was used as a basis for comparison with other earthquake-induced landslide events [28].



The analysis of landslide evolution usually requires more than 10 years of climate data and landslide inventories [5,27]. In this study, we used the hot spot analysis tool to evaluate the characteristics of long-term landslide evolution and distribution in Taiwan [32]. Typhoon Morakot induced the most severe rainfall-induced landslide events in the last two decades in Taiwan, especially in southern Taiwan. Taiwan is one of the most landslide-prone regions in the world [33], and the number of landslides and areas affected in Taiwan reached a historical peak during 1999–2017. The analysis of the long-term evolution of landslides in Taiwan at the subwatershed scale should help determine the evolution characteristics of rainfall-induced landslides.



The purpose of this study was to explore and explain the long-term evolution characteristics of rainfall-induced landslides at the subwatershed scale in Taiwan using annual landslide inventories from 2003 to 2017 and spatiotemporal hot spot technology. Knowing the long-term evolution characteristic of landslides can contribute to planning the correct engineering in the correct place to prevent secondary geological hazards, especially in a watershed with dense landslide distribution. The long-term rainfall records from 16 rainfall stations for the period 2003–2017 were collected, and the relationship between rainfall and landslide evolution was analyzed. Two spatiotemporal landslide cube models were developed in this study. The first was based on the annual landslide inventories from 2003–2017 and was used for exploring the long-term evolution of landslides in Taiwan. The other model was based on the annual landslide inventories from 2008–2017 and used to explore the long-term evolution of landslides caused by Typhoon Morakot in 2009. Moreover, the complete set of hot spots was statistically analyzed. We used spatial cluster and outlier analysis to explore the spatial and temporal distribution of landslides in Taiwan and the emerging hot spot analysis tool to explore the spatial and temporal hot spot patterns of landslides in Taiwan. We also determined the spatial and temporal distribution of landslide recovery after extreme rainfall-induced landslide events and compared it with that after major earthquake-induced landslide events.




2. Study Area


The research area, Taiwan, is located in East Asia. The elevation in Taiwan ranges from 0 m to 3952 m, and the average elevation is around 738 m (Figure 1a). The slope in Taiwan ranges from 0° to 89.8°, and the average slope is around 21.8°. The area with a slope >30° occupies 38.3% of the total area in Taiwan. Based on the delineation of sub-watersheds proposed by the Soil and Water Conservation Bureau in 2021 [34], there were 839 sub-watersheds in Taiwan (Figure 1b). The average slope of the 839 sub-watersheds is 22.5°, and 42.1% of the 839 sub-watersheds have a slope >30°.



The long-term average annual rainfall in Taiwan was estimated at 2510 mm, but that in 2013–2020 was estimated at 2454 mm based on the open data information on the Water Resources Agency website [35]. The characteristic of annual rainfall in the past 2 decades in Taiwan was obvious oscillating. The average annual rainfall in 2014 and 2016 in Taiwan was 1921 mm and 3278 mm, and the difference between the annual rainfall in 2014 and 2016 was 1357 mm, i.e., 54.0% of the long-term average annual rainfall. The geological settings in Taiwan are shown in Figure 2. The terrace deposits (21.7%), alluvium (8.8%), and Sanhsia group and its equivalents (7.7%) were the three main geological settings in Taiwan. The main stratigraphical formations in the northern central mountain region include the Oligocene-era Aoti formation, Oligocene-era Kankou formation, Eocene-era Szeleng sandstone, and Oligocene-era Tatungshan formation, and those in the southern central mountain region include Eocene-era Hsitsun Formation, Hsinkao Formation, Miocene-era Lushan Formation, late Miocene-era Sanhsia group and its equivalents, and late Paleozoic-era Tananao schist. Most landslides were concentrated in central and southern Taiwan, especially in the five landslide-prone stratigraphical formations, including the Changchihkeng Formation, Chaochou Formation, Pilushan Formation, Lushan Formation, and Tayuling Formation. The occupied percentage of the five landslide-prone stratigraphical formations in Taiwan is <30%, but the landslide area within the five landslide-prone stratigraphical formations after 2009 Typhoon Morakot occupied >70% of the all landslide areas in Taiwan. The main composition in the five landslide-prone stratigraphical formations are sandstone, shale, and slate. Detailed information of geological settings in Taiwan is also shown in Supplementary Materials.




3. Materials and Method


The flow chart of this research is shown in Figure 3.



3.1. Materials


The rainfall data for the period 2003–2017 used in this study were collected from 16 rainfall stations (Figure 1a). Eight rainfall stations, namely stations 1, 3, 5, 7, 9, 11, 13, and 15, were located in the central mountainous region, which is the main spatiotemporal landslide hot spot in Taiwan, and the other eight rainfall stations, namely stations 2, 4, 6, 8, 10, 12, 14, and 16, were located outside the central mountainous region and not within the main spatiotemporal landslide hot spot. The data obtained from the 16 rainfall stations are detailed in the Supplementary Materials.



A digital elevation model with a resolution of 5 m was used in the study to conduct geomorphologic analyses. The delineation of subwatersheds in Taiwan (Figure 1b) was based on the proposed delineation from the Soil and Water Conservation Bureau [34], which is commonly used in research in Taiwan. The total area of 839 subwatersheds in Taiwan ranges from 0.39 to 575.8 km2, with an average area of 42.9 km2. Multiannual landslide inventories in 2003–2017 were generated by the Forestry Bureau in Taiwan by selecting images captured by the FORMOSAT-2 satellite with a spatial resolution of 2–5 m in January every year to identify landslides; this entails using a supervised classification method to develop landslide inventories for the previous year [18]. The production process of the annual distribution of landslides in 2003–2017 in Taiwan is shown in the Supplementary Materials. The large-scale landslide case considered in this study had a landslide area of >100,000 m2.




3.2. Rainfall Seasonality Index (RSI)


Climatic factors are key to the recovery and long-term evolution of landslides, and the centralization of rainfall during the rainy seasons is a crucial factor that influences the recovery of rainfall-induced landslides in Taiwan [8,9,23]. The rainfall seasonality index (RSI) was used to measure the centralization of monthly rainfall in a year [36] and to assess the relationship between rainfall centralization and the recovery of earthquake-induced landslides in post-seismic periods [27]. The RSI is given [37] as follows:


  R S I =   1     R  ¯      ∑  n = 1   12          X   n    ¯  −     R  ¯    12        



(1)




where     R  ¯    is the average annual rainfall in the research period and       X   n    ¯    is the average monthly rainfall of the nth month in the research period. The centralization of monthly rainfall based on the RSI is described in Table 1 [38].




3.3. Landslide Spatiotemporal Cube Models


The annual landslide inventories in 2003–2017 and 2008–2017 in Taiwan were used to construct the two spatiotemporal landslide cube models in this study, namely the 2003–2017 spatiotemporal landslide model and the 2008–2017 spatiotemporal landslide model. The 2003–2017 spatiotemporal landslide model was used to analyze the long-term evolution of landslides in Taiwan, and the 2008–2017 spatiotemporal landslide model was used to analyze the evolution of landslides caused by Typhoon Morakot. The basic unit in the spatiotemporal cube models was data from the 839 subwatersheds based in Taiwan. The x and y coordinates in the spatiotemporal cube model denote the x and y coordinates of the centroid in the subwatershed scale image and represent the spatial dimensions in a specific year. The term t denotes the time dimension. The landslide ratio in the subwatershed for a specific year was calculated using the spatiotemporal cube model and was defined as the ratio of the landslide area to the total subwatershed area. The process of building the spatiotemporal landslide cube models is shown in the Supplementary Materials. The spatiotemporal landslide cube models were developed using ArcGIS Pro software Ver 1.2, and the data were converted to the NetCDF data format. The spatiotemporal hot spot analyses were conducted using the NetCDF data set.



The Mann–Kendall test was used to measure the temporal trend of landslide ratio in a specific basic unit in the two spatiotemporal cube models. The temporal trend meant that the landslide ratio in a specific period had been increasing or decreasing over time. The purpose of the Mann–Kendall test was to compare the landslide ratio in the specific subwatershed between the current year and the previous year. A positive value, negative value, or value of 0 in the Mann–Kendall test indicated an increasing trend, a decreasing trend, or no obvious change, respectively, over time for the annual landslide distribution.




3.4. Spatial Cluster and Outlier Analysis


The spatial landslide pattern is key to identifying landslide-prone regions and determining landslide evolution. The Anselin Local Moran’s I index [38] was used to explore the spatial clusters and outliers of landslides in space and time dimensions in the study. Based on the calculations obtained using the Anselin Local Moran’s I index, the spatial landslide pattern can be classified into six types, including a statistically significant cluster of high values (only high–high cluster), a statistically significant cluster of low values (only low–low cluster), an outlier in which a high landslide ratio value was surrounded by low landslide ratio values (only high–low outlier), outlier in which a low landslide ratio value was surrounded by high landslide ratio values (only low–high outlier), multiple types, and never significant.




3.5. Spatiotemporal Hot Spot Patterns


Spatiotemporal hot spot patterns are useful in explaining landslide evolution and can be obtained by analyzing the spatiotemporal landslide cube models using the Space Time Pattern Mining toolbox in Arc GIS Pro software Ver 1.2. This tool can be used to analyze the distribution and patterns of multiannual landslide data in terms of both space and time. A basic unit in the spatiotemporal landslide cube model represents the landslide ratio in a specific subwatershed in a specific year, and all basic units were input into the emerging hot spot analysis tool. The statistically significant values of each basic unit were used to identify the types and spatiotemporal distribution of hot spots.



The hot spot analysis tool estimated the Getis-Ord Gi statistic for each basic unit in the spatiotemporal models [39]. The pattern of the spatiotemporal landslide hot spots was identified using the landslide ratio of the basic unit and the neighboring basic units in both space and time. If the landslide ratios exhibited high (low) significant clustering, the basic unit was identified as a hot (cold) spot. The statistical significance of each basic unit in the spatiotemporal landslide models was determined based on the z-scores and p values for the Getis-Ord Gi statistic [39]. If a basic unit had a high landslide ratio and was surrounded by other basic units with high landslide ratios, the basic unit was identified as a significant hot spot. Based on the z-score and p value of each basic unit in the spatiotemporal landslide model, eight patterns of hot and cold spots, or no pattern, were detected. The eight hot or cold spot patterns were new, consecutive, intensifying, persistent, diminishing, sporadic, oscillating, and historical. The original definition of 8 patterns had been described on the ESRI website [40], and the adjusted definition of 8 patterns which was suitable to characterize the pattern of landslide evolution is shown in Supplementary Materials. The new, consecutive, intensifying, persistent, diminishing, sporadic, oscillating, and historical hot spots were abbreviated as NHS, CHS, I, PHS, DHS, SHS, OHS, and HHS, respectively, in this study.



The 2003–2017 spatiotemporal landslide model contained 12,585 basic units, and the 2008–2017 spatiotemporal landslide model contained 8390 basic units. The spatial neighborhood distance and time step were set as 13.6–14.2 km and 5 years, respectively.





4. Results


4.1. Long-Term Spatial and Temporal Distribution of Rainfall and Landslide Data in 2003–2017


The annual rainfall distribution data for 2003–2017 were obtained from the 16 rainfall stations (Figure 1a) in Taiwan and are presented in Figure 4. The complete data obtained from the 16 rainfall stations are presented in the Supplementary Materials. The average annual rainfall in 2003–2017 (2993.3 mm) was slightly higher (by 56.9 mm) than that in 2008–2017 (2930.5 mm). The average annual rainfall at the eight rainfall stations in the central mountainous region in 2003–2017 (3158.7 mm) was slightly higher (by 330.8 mm) than that at the eight rainfall stations outside the central mountainous region (2827.9 mm). The average ratios of the accumulated rainfall in the rainy season (from May to October) to the annual rainfall in 2003–2017 at the eight rainfall stations inside and outside the central mountainous region were 79.0% and 80.7%, respectively. The data indicated that the average accumulated rainfall in the rainy season from 2003–2017 at the eight rainfall stations in the central mountainous region was higher by 213.3 mm than that at another eight rainfall stations outside the central mountainous region. The three largest differences in average annual rainfalls recorded in 2003–2017 between the rainfall stations in and outside the central mountainous region were 1803 mm (No. 11 and No. 12 rainfall stations located in southeastern Taiwan), 1172 mm (No. 13 and No. 14 rainfall stations located in southwestern Taiwan), and 464.3 mm (No. 1 and No. 2 rainfall stations located in northern Taiwan). The distribution of annual rainfall recorded at the 16 rainfall stations in 2003–2017 in Taiwan was oscillating, especially in southern Taiwan. The annual rainfall recorded at rainfall station No. 13 in 2005 and 2011 was 7012 and 1832 mm, respectively, and the difference in annual rainfall between 2005 and 2011 was 5180 mm, 1.21 times the average annual rainfall. Furthermore, the temporal distribution of rainfall in the central mountainous region in southern Taiwan in 2003–2017 was obviously different from that outside the central mountainous region.



The annual number of landslides and their temporal distribution in 2003–2017 in Taiwan are shown in Figure 5. The annual landslide area in 2003–2017 in Taiwan ranged from 216.1 km2 in 2008 to 623.1 km2 in 2009, and the average annual landslide area was estimated to be 424.1 km2. The average landslide ratio (i.e., the ratio of landslide area to total area) in Taiwan in 2003–2017 was 1.15%. Based on the analysis of landslides in Taiwan, areas with a landslide ratio of >1.0% can be considered areas with serious disaster occurrence [3]. The annual number of landslides in Taiwan ranged from 19,041 in 2008 to 51,898 in 2013, and the average annual number of landslides was estimated to be 32,070. The average landslide density in Taiwan in 2003–2017 was estimated to be 0.87/km2. The annual number of large-scale landslides in 2003–2017 in Taiwan ranged from 279 in 2003 to 1036 in 2009, and the average number of large-scale landslides was estimated to be 638.5. Thus, for 2003–2017, Taiwan is regarded as a region with a serious disaster occurrence, especially for the period of 2009–2017.



Taiwan has a nonuniform temporal distribution of annual and monthly rainfall, especially in southern Taiwan. The RSI was used to quantify the centralization of monthly rainfall at the 16 rainfall stations. Table 2 presents the average RSI values at the 16 rainfall stations in 2003–2017 in Taiwan. The rainfall stations located in the central mountainous region that recorded the top three highest RSI values were stations No. 13 (RSI = 0.78), No. 15 (RSI = 0.74), and No. 9 (RSI = 0.73). These three rainfall stations recorded relatively dry seasons (Table 1). High RSI values enable faster remobilization of sediment yield after severe landslide events [37]. The monthly rainfall regime in 2003–2017 in western, southwestern, and southern Taiwan exhibited obvious centralization, which implies that recovery after landslides in these three regions is more difficult and slower than in other regions in Taiwan.




4.2. Landslide Spatialtemporal Cube Model and Trend


The 2003–2017 landslide model contained 12,585 basic units, and the 2008–2017 landslide model contained 8390 basic units. The results of the Mann–Kendall trend test for the two models are presented in Figure 6. In the 2003–2017 landslide model, 13.2%, 11.6%, and 75.2% of the subwatersheds accounted for upward, downward, and nonsignificant trends, respectively, whereas in the 2008–2017 landslide model, the corresponding percentages were 9.3%, 11.9%, and 78.8%, respectively. The subwatersheds exhibiting the upward trend in the 2003–2017 and 2008–2017 landslide models were concentrated in the central mountainous region of Taiwan, especially in southern Taiwan. This region was also severely affected by Typhoon Morakot. The subwatersheds exhibiting the downward trend in the 2003–2017 and 2008–2017 landslide models were spread across Taiwan and located outside the central mountainous region. The data indicated that the long-term evolution of landslides over 2003–2017 exhibited no obvious change after Typhoon Morakot in 2009, and that the landslide-prone subwatersheds were concentrated in the central mountainous region of Taiwan (i.e., upstream of the river watershed).




4.3. Results of Spatial Clusters and Outliers


The distributions of the spatial landslide clusters and outliers in the 2003–2017 and 2008–2017 landslide models were analyzed using the local outlier analysis tool with a neighborhood time step of 5 years and 499 permutations in ArcGIS Pro software Ver 1.2. The results are shown in Figure 7. The high–high landslide cluster was still concentrated in the central mountainous region, whereas the low–low cluster was concentrated in the plains in west and north Taiwan. The statistical results of the spatial landslide cluster and outlier analyses are shown in Table 3.



A total of 447 and 502 subwatersheds were identified as significant spatial clusters (only high–high and only low–low) in the 2003–2017 and 2008–2017 landslide models, respectively. The only high–high cluster was distributed in the central mountainous region of south Taiwan in 2003–2017 and 2008–2017. This finding indicates that the central mountainous region in southern Taiwan was an originally landslide-prone region. The number of subwatersheds identified as having multiple types of patterns was 214 in 2003–2017 and decreased to 137 in 2008–2017; by contrast, the number of subwatersheds designated as never significant increased from 101 to 142, and the number designated as only the low–low cluster type increased from 241 to 305. The subwatersheds designated as multiple types in 2003–2017 and later identified as never significant, and only the low–low cluster type in 2008–2017 were mainly distributed in northern Taiwan. The number of subwatersheds designated as only the high–high cluster type in the 2008–2017 landslide model in north Taiwan was smaller than that in the 2003–2017 landslide model. This result indicated that the landslide recovery rate in northern Taiwan was gradually improving because the sediment deposition disaster caused by Typhoon Morakot was mainly distributed in southern Taiwan (see the annual landslide distribution in 2009–2017 in Supplementary Materials). The number of subwatersheds marked as only high–low outliers declined from 2003–2017 to 2008–2017, and these subwatersheds were mainly distributed in the piedmont regions across Taiwan. Only nine and five subwatersheds were designated as only low–high outliers in the 2003–2017 and 2008–2017 landslide models, respectively, and these subwatersheds were mainly distributed in southern Taiwan.




4.4. Landslide Spatiotemporal Hot Spot Analyses


The distribution and pattern of the spatiotemporal landslide hot spots in the 2003–2017 and 2008–2017 landslide models obtained using the emerging hot spot analysis tool in ArcGIS Pro software are shown in Figure 8. The statistical data of the spatiotemporal landslide hot and cold spots in Taiwan are presented in Table 4. The percentages of subwatersheds marked as hot spots in the 2003–2017 and 2008–2017 landslide models were 24.2% and 22.6%, and those of subwatersheds marked as cold spots were 50.1% and 52.8%. The landslide hot spots in the 2003–2017 and 2008–2017 landslide models were concentrated in the central mountainous region, but the pattern of spatiotemporal landslide hot spots in the 2003–2017 landslide model was obviously more concentrated than that in the 2008–2017 landslide model. The spatiotemporal hot spot pattern of subwatersheds accounting for >1.0% in the 2003–2017 landslide model included the consecutive hot spot (13.2%), intensifying hot spot (6.0%), persistent hot spot (1.8%), oscillating hot spot (1.5%), and sporadic hot spot (1.0%), but the pattern in the 2008–2017 landslide model included only the consecutive hot spot (21.9%).



The trend and pattern of the distribution of landslide cold spots in the 2003–2017 and 2008–2017 models were similar to those of the distribution of landslide hot spots. The spatiotemporal cold spot pattern of subwatersheds accounting for >1.0% in the 2003–2017 landslide model included the intensifying cold spot (30.5%), consecutive cold spot (15.5%), sporadic cold spot (2.9%), and persistent cold spot (1.2%), but the pattern in the 2008–2017 landslide model only included the consecutive cold spot (44.0%) and intensifying cold spot (8.2%). The percentage of subwatersheds marked as having no pattern was 25.7% and 24.6%, respectively, in the 2003–2017 and 2008–2017 models. This result indicated that the spatiotemporal landslide hot spots were still primarily distributed in the central mountainous region of Taiwan.





5. Discussion


A comparison of the spatial and temporal distribution of landslide stability after severe landslide events induced by large-scale earthquakes and extreme rainfall can help clarify the characteristics of landslide recovery. Some studies [10,12,19,26] have elucidated the spatial and temporal distribution of landslide stability using the landslide recovery rate after large-scale earthquake-induced landslide events. The landslide recovery rate was defined as the ratio of the difference between the landslide area in a specific year and the landslide area in an earthquake-induced or rainfall-induced landslide year to the landslide area in an earthquake-induced or rainfall-induced landslide year. A comparison of the annual landslide recovery rate between earthquake-induced and extreme rainfall-induced landslide areas can reveal the characteristic differences between earthquake-induced and rainfall-induced landslide recovery.



The annual landslide recovery rate in northern Sichuan Province, China, in the first two years after the 2008 Wenchuan earthquake, was estimated to be 13.45%, and that in the third to eighth years was estimated to be 10.56% [41]. The landslide recovery rates in northern Pakistan in the fifth, ninth, eleventh, and thirteenth years after the 2005 Kashmir earthquake were 9.5%, 43.8%, 50.2%, and 61.3%, respectively [10]. Typhoon Morakot in 2009 was the most severe rainfall-induced landslide event during 2003–2017 in Taiwan. The number of landslides and the area affected in 2008 in Taiwan were estimated to be 19,041 and 167.1 km2, respectively, and those in 2009 were estimated to be 33,274 and 502.2 km2, respectively. The mean annual landslide ratio of 839 subwatersheds in 2009 in Taiwan was estimated to be 1.33%, and that in the first to second years and third to eighth years after Typhoon Morakot ranged from 1.01% to 1.06% and 0.71% to 1.01%, respectively. The landslide recovery rate in the first to second years after Typhoon Morakot in the 839 subwatersheds was estimated to be 22.2%, and that in the third to eighth years was estimated to be 31.6%.



The landslide recovery rate in the landslide-affected subwatersheds in the study was estimated to assess the actual landslide recovery after Typhoon Morakot in Taiwan. Subwatersheds were defined as “landslide affected” if their landslide ratio in 2009 was larger by at least 0.3% than that in 2008. The 278 landslide-affected subwatersheds were distributed in southern Taiwan (Figure 9). The mean landslide ratio in the 278 landslide-affected subwatersheds in 2009 was larger by 2.86% than that in 2008. The annual landslide recovery rates of the landslide-affected subwatersheds from 2010 to 2017 are shown in Figure 9. The landslide recovery rate of 278 landslide-affected subwatersheds in the first to second years after Typhoon Morakot was 31.6%, and that in the sixth to eighth years was 47.7%. The recovery rate of landslides induced by extreme rainfall events in Taiwan was larger than that of landslides induced by large-scale earthquake events in the world [10,42]. The landslide recovery rate of the subwatersheds with a landslide ratio >3.0% in 2009 was larger than that of all landslide-affected subwatersheds. By contrast, the landslide recovery rate of the subwatersheds with a landslide ratio <3.0% in 2009 was lower than that of all landslide-affected subwatersheds. Furthermore, the landslide recovery rate of the subwatersheds with a landslide ratio >3.0% in 2009 in the first two years after Typhoon Morakot was 35.4%, and that in the sixth to eighth years was 53.7%. The trend of the landslide recovery rate increased after Typhoon Morakot, but the landslide recovery rates in 2013, 2016, and 2017 showed a declining trend.



Two subwatersheds, namely the Taimali upstream subwatershed and the Kaoping upstream subwatershed (Figure 9a), were selected as examples to assess the spatial distribution of landslide recovery after Typhoon Morakot in 2009. The number of landslides and landslide ratios after Typhoon Morakot in the Taimali upstream subwatershed were 353 and 24.5%, respectively, and those in the Kaoping upstream watershed were 165 and 15.9%, respectively. The Taimali upstream subwatershed and Kaoping upstream subwatershed were listed among the top five subwatersheds with the most severe landslide disasters after Typhoon Morakot in Taiwan. Landslide frequency [9] was defined as the total number of landslides that occurred from 2010 to 2017 in the study. The distribution of landslide frequency in the two subwatersheds from 2010 to 2017 is presented in Figure 10. The mean frequency of landslides in the Taimali and Kaoping upstream subwatersheds induced by Typhoon Morakot was 4.32 and 1.58 years, respectively, and outside the landslide area was 2.24 and 2.41 years, respectively. This result indicates that the landslide recovery time inside the area of the landslide induced by Typhoon Morakot was longer than that outside the landslide area (i.e., the new or enlarged landslide area from 2010 to 2017). Most areas with a high landslide frequency, especially for large-scale landslides, were located in the source area of the landslide induced by Typhoon Morakot. Landslides induced by Typhoon Morakot in the Taimali and Kaoping upstream watersheds accounted for 96.9% and 73.5% of the high landslide frequency grids (i.e., landslide frequency > 5), respectively, inside the landslide area. Moreover, landslides induced by Typhoon Morakot in the Taimali and Kaoping upstream watersheds accounted for 69.2% and 58.9%, respectively, of the low landslide frequency grid (i.e., landslide frequency < 3) inside the landslide area. The grid with a landslide frequency value outside the area of the landslide induced by Typhoon Morakot covered the bank area of sinuous reaches, gully areas, and the boundary of the original landslide area. This result indicated that the area along the sediment transport path was the main region of occurrence of secondary geohazards after extreme rainfall-induced landslide events.



The recovery of most of the subwatersheds with a landslide ratio >5% in 2009 in southern Taiwan was difficult in the landslide hillslope, and this was related to four factors, namely landslide-prone geological settings, abundant rainfall during Typhoon Morakot, temporal nonuniform monthly rainfall, and sediment yielded from numerous landslides being deposited on the landslide hillslope or transported to the rivers. Most of the subwatersheds with a landslide ratio of >5% in 2009 were located in the Lushan Formation, Histsun Formation, Hsinkao Formation, and Sanshia Group and its equivalents (Figure 2). The aforementioned three sediment formations contain shale, sandstone, and slate and are prone to landslides. During Typhoon Morakot in southern Taiwan, the rainfall total was estimated to be >2000 mm in 3 days [3]. The abundant rainfall at these landslide-prone geological formations may have resulted in a severe landslide disaster in 2009 in southern Taiwan, and huge amounts of sediment from this landslide area were deposited on the landslide hillslope or transported to creeks or rivers. This observation can be verified by the finding that the core areas of large-scale landslide cases or the vicinity of creeks or rivers had high landslide frequencies in 2010–2017 (Figure 10). The RSI values at the rainfall stations for the subwatersheds with a landslide ratio >5% in 2009 (Figure 9a) were >0.70 in 2010–2017, which indicated that most of the rainfall occurred in the rainy season. The seasonal rainfall regime also affects the stability of sediment in southern Taiwan. The sediment in these areas was unstable, and rainfall events with low accumulated rainfall could induce landslides on the hillslope or transport sediment to the rivers. Therefore, the core areas and boundaries of large-scale landslides and the vicinity of creeks and rivers had high landslide frequencies. This was also why the consecutive and intensifying pattern of spatiotemporal landslide hot spots was observed in southern Taiwan. The spatiotemporal analysis of landslide evolution helped characterize the patterns of landslide hot spots and revealed the reason for the difficult and slow recovery after landslides in these regions.



The composition change of soil grain before and after the 2009 Typhoon Morakot in the upstream watershed was also obvious. Most sediment yield from landslides during 2009 Typhoon Morakot was deposited in the down hillslope or transported into the rivers in the upstream watersheds. However, the fine sediment in the sediment deposition in the down hillslope or in the riverbed was gradually transported downstream after several heavy or flooding events after the 2009 Typhoon Morakot [43]. The composition of sediment deposition in the down hillslope or in the river became coarse. The coarse sediment deposition in the river also became an armor layer.



The mechanisms and triggering factors of secondary geological hazard, and the characteristics of long-term evolution can be explored by using the spatiotemporal hot spot analysis method based on the results in this study. The findings in this study can be referred to or used in other countries that had faced a serious landslide disaster in the past few years, such as the serious landslide disaster caused by heavy rainfall events in July 2020 in southern Japan, including Kumamoto, Nagano, and Kagoshima Prefectures.



The main reasons for the dense landslide caused by the 2009 Typhoon Morakot in Taiwan were extreme rainfall and subsequent flooding. Besides designing engineering to reduce or prevent secondary geological hazards, it is also important to reduce the flooding impact caused by extreme rainfall events in Taiwan [43,44]. Planning flood detention ponds and increasing the riverbed roughness coefficient have been proven to lower the impact of flooding on the safety of human life and property [45,46]. It is also important to examine the drainage ability of each reach or river in the upstream watershed in Taiwan under possible climate change conditions [47].




6. Conclusions


The study period (1990 to 2020) recorded the highest landslide density in the history of Taiwan. The Chi-Chi earthquake in 1999 and several extreme rainfall events resulted in severe landslide disaster events in Taiwan. Therefore, investigating the long-term evolution of landslides and secondary geological disasters is valuable. Based on the analysis using long-term rainfall records and annual landslide inventories for 2003–2017, recovery after landslides was the most difficult in the central mountainous region and southern Taiwan. These regions were also the densest landslide areas during Typhoon Morakot in 2009. The monthly rainfall regimes in the central mountainous region and southern Taiwan are obviously seasonal, making the sediment in these areas unstable. The Mann–Kendall trend test indicated that half of the subwatersheds that exhibited an upward trend of landslide evolution in 2003–2017 were concentrated in the central mountainous region and southern Taiwan. Furthermore, the subwatersheds with the high–high landslide cluster type were also located in the central mountainous region and southern Taiwan based on the spatial cluster and outlier analyses. The main patterns of spatiotemporal landslide hot spots in the central mountainous region and southern Taiwan were consecutive and intensifying. A comparison of landslide recovery rates between regions with large-scale earthquake-induced landslides and extreme rainfall-induced landslides showed that the recovery rate of regions affected by extreme rainfall-induced landslides in Taiwan was higher than that of regions affected by large-scale earthquake-induced landslides in the world. Rainfall-induced landslides were widely distributed in unstable areas of the central mountainous region and southern Taiwan during Typhoon Morakot in 2009 and gradually moved to the core and boundaries of large-scale landslide hillslopes and the vicinity of creeks and rivers.
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Figure 1. Distribution of elevation, rainfall stations (a), slope, rivers, and sub-watersheds (b) in Taiwan. 
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Figure 2. Geological settings in Taiwan (Scale 1:250,000). 
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Figure 3. The flow chart in the study. 
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Figure 4. Temporal distribution of annual rainfall in the rainfall stations no. 1–4 (a), no. 5–8 (b), no. 9–12 (c), and no. 13–16 (d) in 2003–2017 in Taiwan. 
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Figure 5. Temporal distribution of landslide area (black line) and number (red line) in 2003–2017 in Taiwan. 
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Figure 6. The Mann–Kendall trend test for the landslide cube model in 2003–2017 (left) and 2008–2017 (right). 
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Figure 7. Distribution of landslide spatial cluster and outlier using the Anselin Local Moran’s I index. 
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Figure 8. Distribution and pattern of landslide spatiotemporal hot spots in the 2003–2017 and 2008–2017 landslide models. 
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Figure 9. Distribution (a) and the annual landslide recovery rate (b) of 278 landslide-affected sub-watersheds after the 2009 Typhoon Morakot in Taiwan. 
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Figure 10. Distribution of landslide frequency from 2010 to 2017 in the Taimali upstream sub-watershed (a) and Kaoping upstream sub-watershed (b). 
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Table 1. The explanation of the centralization of monthly rainfall based on the rainfall seasonality index [36].
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	RSI
	Rainfall Regime





	≤0.19
	Very equable



	0.20–0.39
	Equable but with a definite wetter season



	0.40–0.59
	Rather seasonal with a short drier season



	0.60–0.79
	Seasonal



	0.80–0.99
	Markedly seasonal with a long drier season



	1.00–1.19
	Most rain in 3 months or less



	≥1.20
	Extreme, almost rain in 1–2 months







Note: The table was reprinted with permission from Ref. [37]. 1981, Walsh, R.P.D. and Lawler, D.M. 
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Table 2. The rainfall seasonality index value in each region in Taiwan from 2003–2017.
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No. of RS 1

	
Region

	
RSI

	
No. of RS 1

	
Region

	
RSI






	
1

	
Northern Taiwan

	
0.62

	
9

	
Western Taiwan

	
0.73




	
2

	
0.36

	
10

	
0.84




	
3

	
Eastern Taiwan

	
0.47

	
11

	
Southeastern

Taiwan

	
0.76




	
4

	
0.65

	
12

	
0.70




	
5

	
Western Taiwan

	
0.56

	
13

	
Southwestern

Taiwan

	
0.78




	
6

	
0.78

	
14

	
0.94




	
7

	
Eastern Taiwan

	
0.64

	
15

	
Southern Taiwan

	
0.74




	
8

	
0.45

	
16

	
0.64








Note: 1 means the number of rainfall stations in Figure 1a.
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Table 3. Statistical data of landslide spatial clusters and outlier analyses in Taiwan.
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Type

	
Numbers of Sub-Watersheds




	
2003–2017

	
2008–2017






	
Mul. *

	
214

	
137




	
NS *

	
101

	
142




	
HH *

	
206

	
197




	
HL *

	
68

	
53




	
LH *

	
9

	
5




	
LL *

	
241

	
305








Note: * The Mul., NS, HH, HL, LH, and LL mean multiple, never significant, only high-high cluster, only high-low outlier, only low-high outlier, only low-low cluster types.
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Table 4. Occupied percentage of landslide spatiotemporal hot spots and cold spots in 2003–2017 and 2008–2017 in Taiwan.
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Pattern

	
Occupied Percentage

	
Pattern

	
Occupied Percentage




	
2003–2017

	
2008–2017

	
2003–2017

	
2008–2017






	
Cold spot

	
50.1

	
52.8

	
Hot spot

	
24.2

	
22.6




	
CCS

	
15.5

	
44.0

	
CHS

	
13.2

	
21.9




	
DCS

	
0.0

	
0.0

	
DHS

	
0.4

	
0.0




	
HCS

	
0.0

	
0.0

	
HHS

	
0.0

	
0.0




	
ICS

	
30.5

	
8.2

	
I HS

	
6.0

	
0.0




	
NCS

	
0.0

	
0.2

	
NHS

	
0.4

	
0.5




	
OCS

	
0.0

	
0.0

	
OHS

	
1.5

	
0.0




	
PCS

	
1.2

	
0.0

	
PHS

	
1.8

	
0.0




	
SCS

	
2.9

	
0.4

	
SHS

	
1.0

	
0.2




	
No pattern

	
25.7

	
24.6
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