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Abstract:



This study analyzed the characteristics of, and locations prone to, extreme rainfall-induced landslides in three watersheds in Taiwan, as well as the long-term evolution of landslides in the Laonong River watershed (LRW), based on multiannual landslide inventories during 2003–2014. Extreme rainfall-induced landslides were centralized beside sinuous or meandering reaches, especially those with large sediment deposition. Landslide-prone strata during extreme rainfall events were sandstone and siltstone. Large-scale landslides were likely to occur when the maximum 6-h accumulated rainfall exceeded 420 mm. All of the large-scale landslides induced by short-duration and high-intensity rainfall developed from historical small-scale landslides beside the sinuous or meandering reaches or in the source area of rivers. However, most of the large-scale landslides induced by long-duration and high-intensity rainfall were new but were still located beside sinuous or meandering reaches or near the source. The frequency density of landslides under long-duration and high-intensity rainfall was larger by one order than those under short-duration rainfall, and the β values in the landslide frequency density-area analysis ranged from 1.22 to 1.348. The number of downslope landslides was three times larger than those of midslope and upslope landslides. The extreme rainfall-induced landslides occurred in the erosion gullies upstream of the watersheds, whereas those beside rivers were downstream. Analysis of the long-term evolution of landslides in the LRW showed that the geological setting, sinuousness of reaches, and sediment yield volume determined their location and evolution. Small-scale landslides constituted 71.9–96.2% of the total cases from 2003 to 2014, and were more easily induced after Typhoon Morakot (2009). The frequency density of landslides after Morakot was greater by one order than before, with 61% to 68% of total landslides located in the downslope. Small-scale landslides not beside the rivers disappeared within four years, whereas those beside rivers or located in the source areas either developed into large-scale landslides or slowly disappeared. Large-scale landslides caused by Morakot were either combined from several historical small-scale landslides in the river source areas or located beside the sinuous or meandering reaches. The probabilities of landslide recurrence in the LRW during the next 5, 10, and 20 years were determined to be 7.26%, 9.16%, and 10.48%, respectively, and those beside the rivers were 10.47%, 13.33%, and 15.41%, respectively.
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1. Introduction


Extreme rainfall events occur frequently in Asian countries, including Japan [1,2], Korea [3], India [4], Taiwan [5], and Thailand [6]. Rainfall and earthquakes have been identified as the main triggers of landslides in Taiwan, especially of the extreme rainfall-induced landslide disasters in recent decades. Extreme rainfall-induced disaster events in Taiwan have been catastrophic and powerful, such as the disasters caused by Typhoon Morakot in 2009 [7,8].



Extreme rainfall events in Taiwan are characterized by their increasing intensity [9]; this is one of key factors behind the country’s frequent landslide disasters. Extreme rainfall events in Taiwan have still not clearly been defined, but they can be judged as rainfall events with 3-h accumulated rainfall of >130 mm, 6-h accumulated rainfall of >200 mm, or 24-h accumulated rainfall of >350 mm, as based on the analysis of rainfall records from 1992 to 2013 [10]. The number of extreme rainfall events from 2011 to 2015 in the mountainous areas of Nantou County was estimated to be 10 (i.e., twice a year). At the Jiaxian rainfall station in the mountainous areas of Southern Taiwan, the number of monthly rainfall events >1000 mm from 2001 to 2010 was 13, whereas that from 1961 to 1970 was only two. Extreme rainfall events have become a predominant portion of the annual rainfall in Taiwan.



Rainfall-induced landslides can be classified into infiltration-induced slope instability [11,12,13] and bank-erosion landslides caused by a huge discharge during flooding events [14]. The reasons behind infiltration-induced slope instability include a rising groundwater table or perched water zones near the surface of the slope, reducing the stability of the slope [11]. The groundwater table usually demonstrates an apparent rise during long-duration rainfall events, whereas perched water zones near the slope surface can form during short-duration rainfall events. Bank-erosion landslides represent a considerable portion of extreme rainfall-induced landslide disasters in Taiwan, particularly in the upstream sinuous reaches with extremely large sediment deposition [15].



Most extreme rainfall-induced landslides occurred on hillslopes with angles from 35° to 45°, and were concentrated in valleys or hollow or concave slopes, as revealed by a field investigation of 116 landslides caused by Typhoon Tokage (2004) in Japan [1]. Wu et al. [7] stated that the landslide density induced by extreme rainfall events in the mountainous areas of Taiwan was over 1%, and downslope landslides represented 20.5–39.1% of the total landslide cases in the Kaoping River watershed after Typhoon Morakot.



Rainfall-induced landslide types are related to the rainfall duration. Kung et al. [10] classified short-duration rainfall events as those ≤6 and long-duration rainfall events as those >6 h, based on 22 years of rainfall records in Taiwan. Most landslides caused by short-duration rainfall events in mountainous areas were bank-erosion shallow landslides occurring beside sinuous or meandering reaches with a considerable amount of sediment deposition [15] or occurring in erosion gullies [14]; by contrast, large-scale landslides occurred during long-duration rainfall events, such as the Xiaolin deep-seated landslide that was caused by Typhoon Morakot [8].



Predicting landslide occurrence is critical for the prevention and reduction of landslide disasters. The prediction methods can be classified into two categories according to the landslide types: deep-seated landslide prediction and shallow landslide prediction. Predicting deep-seated landslides usually entails using a hillslope scale and involves locating slopes with landslide potential, setting up instruments to monitor the long-term creeping behavior of the hillslope, and predicting the possible occurrence time of a deep-seated landslide based on the data [16,17]. Most researchers have used light detection and ranging (LIDAR) technology to locate the cliffs of a deep-seated landslide, especially in forested areas [18], to determine the potential hillslope. Predicting shallow landslides usually entails using a watershed scale, and involves determining the landslide characteristics, building shallow landslide susceptibility models based on the landslide characteristics, training and verifying the landslide susceptibility models, and predicting the potential landslide locations [19,20,21]. The accuracy of landslide susceptibility models is related to the correctness of landslide characteristics.



Considerable efforts have been made to analyze extreme rainfall-induced landslide disasters; however, less attention has been focused on the characteristics of such landslides and the comparison of individual cases. Analyses of rainfall type, landslide distribution, river sinuousness, landslide length-to-width ratio, and landslide recurrence intervals have yet to be discussed in detail. The aims of the current study were to describe and explain the spatial and temporal characteristics of extreme rainfall-induced landslides based on cases from three watersheds in Taiwan. The maximum 24-h accumulated rainfall amounts during Typhoon Morakot (2009) in the Laonong River watershed in Southwest Taiwan, during Typhoon Megi (2010) in the Nanou River watershed in Northeast Taiwan, and during Typhoon Soudelor (2015) in the Nanshih River watershed in Northern Taiwan exceeded those for a 100-year return period [5]. In this study, we applied landslide inventories that were made in the three aforementioned river watersheds after the mentioned typhoon events to explain the temporal distributions of and differences between the extreme rainfall-induced landslides. Furthermore, we applied landslide inventories that were made in the Laonong River watershed from 2003 to 2014 to explain the spatial distribution and the evolution of rainfall-induced landslides in a landslide-prone watershed.




2. Study Area


2.1. Laonong River Watershed


The Laonong River watershed (hereafter abbreviated as LRW, Figure 1a) has an area of approximately 1380 km2 with a mean elevation of 1501 m and a mean slope of 33.3°. The river’s length is 740.6 km, whereas the river density in the LRW is 0.537 km/km2. The average annual rainfall varies from 3100.3 mm (Meishan rainfall station, Figure 1a) to 4432.4 mm (Xinan rainfall station, Figure 1a), based on 20 years of records from four rainfall stations (Figure 1a); the rainy season (from May to October) accounts for over 85.0% of the annual rainfall. The constituents of the main strata in the LRW include the Pilushan formation (34.2%), Chaochou formation (29.8%), and Changchihkeng formation (10.4%). The Pilushan formation is of Eocene age, and it consists of slate with metasandstone and igneous rock. The Chaochou formation is of Middle Miocene age, and it consists of argillite and slate intercalated with sandstone lentils. The Changchihkeng formation is of Miocene age, and it consists of alternations of sandstone and shale. Forestry is the main land-use activity, accounting for 83.6% of the watershed area; developed and agricultural areas account for 5.1% and 5.0% of the watershed, respectively.


Figure 1. The distribution of elevation, river, and rainfall stations in the Laonong river water (LRW, (a)), Nanou river watershed (NoRW, (b)), and Nanshih river watershed (NsRW, (c)).
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2.2. Nanou River Watershed


The Nanou River watershed (hereafter abbreviated as NoRW, Figure 1b) has an area of approximately 311.6 km2, with a mean elevation of 874.9 m and mean slope of 33.3°. The river’s length is 167.8 km, whereas the river density in the NoRW is 0.538 km/km2. The average annual rainfall is 5197 mm, which is based on 20 years of records from the Gulu rainfall station (Figure 1b); the rainy season accounts for between 51.0% and 69.0% of the annual rainfall. The constituents of the main strata in the NoRW include the Kuyuan schist (28.7%), Tungao schist (19.5%), Lushan formation (12.1%), and Nanaoling schist (10.2%). The four main strata are of late Paleozoic to Mesozoic age. The Kuyuan schist consists of phyllite, micaceous schist, and quartz–mica schist, whereas the Tungao schist consists of marble and quartz-mica schist. The Lushan formation consists of slate or phyllite with thin beds of metasandstone, whereas the Nanaoling schist consists of quartz schist and paragneiss. Forestry is the main land-use activity, accounting for 92.8% of the watershed area.




2.3. Nanshih River Watershed


The Nanshih River watershed (hereafter abbreviated as NsRW, Figure 1c) has an area of approximately 255.8 km2, with a mean elevation of 964.8 m and mean slope of 33.3°. The river’s length is 116.0 km, whereas the river density in the NsRW is 0.513 km/km2. The annual rainfall is 3777 mm, which is based on 20 years of records from the Fushan rainfall station (Figure 1c); the rainy season accounts for between 57.4% and 81.1% of the annual rainfall. The constituents of the main strata in the NsRW include the Tatungshan formation (27.3%), Shuichangliu formation (24.5%), and Kankou formation (21.1%). All three of the main strata are of Oligocene age. The Tatungshan formation consists of argillite intercalated with thin- to thick-bedded siltstone and fine-grained sandstone, whereas the Shuichangliu formation consists of argillite and slate. The Kankou formation consists of argillite or slate intercalated with thin- to thick-bedded siltstone. The NsRW is a low-development watershed area because it is 98.0% occupied by forest.





3. Materials and Methods


3.1. Materials


Landslides have complex triggers; however, we limited the number of causes to five based on the field survey experience of landslides in Taiwan. The five causes were slope, geological setting, land-use type, river distribution, and accumulated rainfall during typhoon events. A slope mesh was derived from a 5-m digital elevation model (DEM), and the geological setting was extracted from a 1/5000 basin geological map in Taiwan. Land-use investigation maps that were produced in 2008 by the National Land Surveying and Mapping Center were used to analyze the land-use types and distribution. The river distributions were extracted from the 5-m DEM using the Hydrology module in the Spatial Analyst tools of ArcGIS software.



The rainfall records that were used in this study were collected from the representative rainfall stations in the three watersheds. The stations are located in the areas with the highest accumulations of rainfall during typhoon events. We selected the following stations as the representative rainfall stations: the Meishan, Tengzhi, Xinan, and Dajin rainfall stations in the LRW (Figure 1a); the Gulu rainfall station (Figure 1b) in the NoRW; and, the Fushan rainfall station in the NsRW (Figure 1c). We used the rainfall records from the Tengzhi rainfall station in the LRW, Gulu rainfall station in the NoRW, and Fushan rainfall station in the NsRW during specific typhoon events to compare extreme rainfall characteristics, as described in Section 4, and the rainfall records from the Meishan, Xinan, and Dajin rainfall stations from 2003 to 2014 in the LRW to explain the long-term rainfall distribution and characteristics, as presented in Section 5.



We used the multiannual landslide inventories that were produced by the Taiwan Forestry Bureau. Landslides were autorecognized using FORMOSAT-2 satellite images with a resolution of 2 m. Because the landslide inventory was autodetected, a few misjudged cases existed in each inventory. We deleted landslides with an area of <25 m2 or a slope of <15° to reduce the number of misjudged cases. The landslide inventories before and after specific typhoon events in the LRW, NoRW, and NsRW were used, as described in Section 4, and those from 2003 to 2014 in the LRW were used, as described in Section 5. Landslides with areas > 10−1 km2, 10−1 km2 ≥ area > 10−2 km2, and 10−2 km2 ≥ area are labeled as large, medium, and small-scale landslides in this paper, respectively.




3.2. Methods


We discuss the spatial distribution and characteristics of extreme rainfall-induced landslides that are associated with specific typhoon events in the three watersheds in Section 4, and we explain the temporal distribution and evolution of rainfall-induced landslides in the LRW in Section 5. Rainfall characteristics were analyzed to compare the landslide-induced strengths of extreme rainfall events. The relationships between landslide distribution and five landslide-related factors were used to explain locations that are prone to extreme rainfall-induced landslides by employing a watershed scale, whereas landslide topographic analyses were used to explain landslide-prone locations by employing a hillslope scale. Landslide frequency density-area distribution analyses were used to compare the frequency densities of various landslide areas in the three watersheds and in the LRW from 2003 to 2014. We also examined the proneness to landslides of sinuous or meandering reaches with sediment yield and deposition in the analyses of the spatial distribution and characteristics of landslides in the three watersheds; furthermore, we examined the long-term evolution and recurrence intervals of landslides in the analyses of the temporal distribution and evolution of landslides in the LRW.



3.2.1. Rainfall Characteristics during Typhoon Events


The characteristics of rainfall events that are considered in this study included rainfall event types, intensity, and duration. We adopted the hourly rainfall records of representative rainfall stations during specific typhoon events to estimate the accumulated rainfall. The period of typhoon events was based on announcements from the Taiwan Central Weather Bureau. The rainfall event types were labeled as extreme rainfall events if the maximum 24-h accumulated rainfall was greater than 350 mm, which is the definition of extreme rainfall in Taiwan (Central Weather Bureau 2015). If the maximum hourly rainfall intensity (abbreviated as RI) during typhoon events was greater than 70 mm/h, the rainfall events were labeled as high intensity. If the duration of rainfall events was shorter than 6 h or longer than or equal to 6 h, then the rainfall events were labeled as short or long duration, respectively [10]. If the maximum 6-h accumulated rainfall was greater than 420 mm (i.e., mean RI > 70 mm/h), then the rainfall events were labeled as long duration and high intensity. However, if the maximum 3- and 6-h accumulated rainfall were greater than 210 mm and less than 420 mm, then the rainfall events were labeled as short duration and high intensity.




3.2.2. Landslide Frequency Density-Area Relationship


Several studies have demonstrated that landslide frequency density (NE) and area (AE) distributions fit the power-law relationship presented in Equation (1) [22], including landslides in Hong Kong [23], Japan [24], Italy [25], and Taiwan [7]:
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(1)




where α and β are fitting constants. The constant α primarily controls the location of maximum frequency density distribution, whereas the constant β primarily controls the power-law decay for medium and large landslide areas [26]. The constant β is related to landslide-induced factors, geological and terrain characteristics, and whether the landslides are old or new, and is also used to compare the proneness to landslides of various areas around the world. The β value is 2.17 for old landslides in New Zealand [27]; 2.0 for landslides in Coastal California, USA [28]; 1.96 for rainfall-induced landslides in Japan [29]; from 1.3 to 1.4 for extreme rainfall-induced landslides in the Kaoping River watershed in Taiwan [7]; from 1.24 to 1.26 for rainfall-induced landslides in the Shenmu watershed in Central Taiwan [30]; 1.16 for landslides in the central and western regions of New Zealand’s Southern Alps [27]; and, 1.11 ± 0.07 based on 172 heavy rainfall-induced landslides from 2006 to 2012 in Taiwan [31].




3.2.3. Topographic Position Analysis


The analysis of the relative position of a landslide on a hillslope, termed topographic position analysis, was suggested by [32] for determining the main inducing factor for landslides. Three parameters were used in the analysis, namely the distance (a) from the ridge of the hillslope to the highest point of the landslide, the distance (b) from the nearest river at the toe of the hillslope to the lowest point of the landslide, and the total length of the hillslope (d). The normalized distances to ridge (a/d) and to stream (b/d) were used as dimensionless coordinates (x, y) of the topographic position analysis plot. Each landslide case in the landslide inventory was plotted according to its relative position on a hillslope by using a circle indicating the area of the landslide. The circles located in the upper-left portion (a/d < 0.5 and b/d > 0.5) of the plot meant that the landslides were located near the ridge of the hillslope (termed as upslope landslide), whereas those located in the lower-right portion (a/d > 0.5 and b/d < 0.5) of the plot meant the landslides were located near the toe of the hillslope or close to the river (termed as downslope landslide). Circles located in the lower-left portion (a/d < 0.5 and b/d < 0.5) of the plot meant that the landslides were located in midslope locations (termed as midslope landslide) and usually had large landslide areas. Most upslope landslides are earthquake-induced [32], whereas most downslope landslides are rainfall- or flood scouring-induced [7,8].




3.2.4. Sediment Yield in the Sinuous or Meandering Reaches


Most typhoon-induced landslides in Taiwan are centralized beside rivers [7], particularly in the sinuous or meandering reaches with active sediment yield and deposition [15]. The sinuosity index (SI) can be used to estimate the reaches’ sinuousness. The SI is the ratio of the length of a curve to the length of the straight line between two end points of the curve, and reaches with SI = 1.0, 1.0 < SI ≤ 1.5, and SI > 1.5 were labeled as straight reaches, sinuous reaches, and meandering reaches, respectively.



We extracted the river distribution from the 5-m DEM by using the Hydrology toolset in ArcGIS software, but we lowered the threshold value of the river to 3000. The river distributions that are plotted in Figure 1 were extracted with a threshold value of 10,000, and they included main rivers and intermittent streams. However, the river distributions extracted with the river threshold value of 3000 included main rivers, intermittent streams, and ephemeral streams, as well as large and small erosion gullies. Reaches with stream order (SO) = 1, 2, 3, 4, ≥5 extracted with the river threshold value of 3000 were labeled as small erosion gullies, large erosion gullies, ephemeral streams, intermittent streams, and main rivers, respectively.



Sediment yield from landslide or debris flow can be estimated from DEMs before and after a rainfall event using airborne LIDAR technology [33,34,35]. Most studies using LIDAR-extracted DEMs to estimate the sediment yield from landslides have applied a hillslope scale, especially for large-scale landslides [36,37]. Using LIDAR technology to obtain a DEM on a watershed scale remains expensive. We used Equations (2) [38] and (3) [25] to estimate the sediment yield volume from landslides after typhoon events in the three watersheds. In Equations (2) and (3), A denotes the total landslide area (m2) and V denotes the total landslide volume (m3).


lnV = 0.687 ln A + 2.326 for landslide area < 106 m2 (R2 = 0.79)



(2)






V = 0.0844 A1.4324 for landslide area ≥ 106 m2 (R2 = 0.966)



(3)








3.2.5. Landslide Recurrence Probability


The recurrence probability of earthquake- or rainfall-induced landslides is relative to nature and climate uncertainty. Moreover, the temporal probability of landslide recurrence is difficult to predict [39]; nevertheless, it can be determined using two methods. The first is based on exceedance probability, which is determined using multiannual landslide inventory maps [40] or empirical rainfall thresholds [41], and the second is based on physical models [3,42]. Crovelli [41] suggested that the continuous-time Poisson model and discrete-time Binomial model can be used to estimate the recurrence exceedance probability of landslides; however, using the discrete-time Binomial model for this estimation in an active occurrence of landslide (i.e., when the mean recurrence intervals are short) can lead to significant overestimation. We used the Poisson model to estimate the landslide recurrence probability under the consideration that landslides occurred frequently and widely in the LRW from 2003 to 2014. The Poisson distribution model was used to predict the occurrence of earthquakes [43], execute landslide hazard estimations [44], and assess the rainfall-triggered landslide recurrence intervals [42,45]. The process of estimating the temporal probability of landslide recurrence using the Poisson distribution model should be conducted in combination with multitemporal landslide inventory maps. The recurrence probability (P) of landslides occurring within a specific time interval (t) can be estimated using Equation (4):


[image: ]



(4)




where [image: ] is the exceedance probability and [image: ] is the mean landslide recurrence interval, which should be estimated from multiannual landslide inventories. We utilized the Poisson model with the multiannual landslide inventories from 2003 to 2014 to estimate the landslide recurrence probability in the LRW during the next specific time interval.






4. Characteristics Comparison of Extreme Rainfall-Induced Landslide in the Three Watersheds


4.1. Rainfall Characteristics


The accumulated rainfall distributions in the three watersheds under typhoon events are shown in Figure 2. The accumulated rainfall at the Tengzhi rainfall station during Typhoon Morakot in 2009 (2249.0 mm) was considerably greater than that at the Gulu rainfall station during Typhoon Megi in 2010 (814.0 mm) and that at the Fushan rainfall station during Typhoon Soudelor in 2015 (579.0 mm). The landslide densities in the neighborhood areas of the Tengzhi, Gulu, and Fushan rainfall stations were 0.103/km2, 0.0044/km2, and 0.0032/km2, respectively. The RI distributions during typhoon events in the three watersheds are shown in Figure 3. The rainfall events in the three watersheds were labeled as extreme torrential rainfall events because the maximum 24-h accumulated rainfall amounts at the Tengzhi, Gulu, and Fushan rainfall stations were 1259.0, 691.5, and 706.0 mm, respectively.


Figure 2. The distribution of accumulated rainfall during typhoon events and landslide in the LRW (a), NoRW (b), and NsRW (c).
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Figure 3. The accumulated rainfall distribution of Tengzhi rainfall station (black line) during 2009 Typhoon Morakot, Gulu rainfall station (red line) during 2010 Typhoon Megi, and Fushan rainfall station (blue line) during 2015 Typhoon Soudelor.
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In the LRW, the rainfall type was labeled as long duration and high intensity based on Table 1, whereas, in the NoRW and NsRW, the rainfall types were labeled as short duration and high intensity. The maximum 6-h accumulated rainfall amounts at the Gulu rainfall station (from the 5th to 10th h during Typhoon Megi) and the Fushan rainfall station (from the 39th to 44th h during Typhoon Soudelor) were 101.5 and 349.0 mm, respectively, whereas that at the Tegzhi rainfall station (from the 68th to 73rd hours during Typhoon Morakot) was 1004 mm, which is approximately 9.9 and 2.9 times larger than the amounts at the Gulu and Fushan rainfall stations, respectively.



Table 1. The maximum accumulated rainfall at different hours in the three rainfall stations during typhoon events.







	
Rainfall Station

	
Typhoon Event

	
Maximum Accumulated Rainfall (mm) at Different Hour (h)




	
1

	
3

	
6

	
9

	
12

	
24






	
Tengzhi

	
2009 Typhoon Morakot

	
99.0

	
222.0

	
454.0

	
622.0

	
766.0

	
1259.0




	
Gulu

	
2010 Typhoon Megi

	
109.5

	
268.5

	
401.5

	
531.0

	
594.5

	
691.5




	
Fushan

	
2015 Typhoon Soudelor

	
82.0

	
224.0

	
412.0

	
528.0

	
616.0

	
706.0











4.2. Relationship between Landslide Distribution and Landslide-Related Factors


Table 2 presents statistical data of the landslide inventories in the three watersheds. The numbers of total landslides and large-scale landslides in the LRW were considerably greater than those in the NoRW and NsRW, as were the landslide densities in the watershed and within 200 m of rivers. The landslide densities within 200 m of rivers in the three watersheds were clearly greater than those in the watersheds, thus implying that landslides caused by extreme rainfall events were strongly centralized beside the rivers.



Table 2. The statistical data of landslide inventories in the three watersheds.







	
Watersheds

	
Events

	
Landslide Numbers

	
Landslide Density*




	
Total

	
LSL*

	
Watershed*

	
River*






	
LRW

	
2009 Typhoon Morakot

	
7241

	
215

	
0.0730

	
0.241




	
NoRW

	
2010 Typhoon Megi

	
294

	
1

	
0.0036

	
0.223




	
NsRW

	
2015 Typhoon Soudelor

	
342

	
1

	
0.0020

	
0.334








Note: LSL* means large scale landslide. The Landslide Density* (km2/km2) is estimated on a watershed scale and within 200 m to rivers.








The distributions of landslide density versus slope in the three watersheds were bell curves, with the highest landslide density being observed in areas with slopes from 30° to 40° in the LRW (0.095/km2) and from 50° to 60° in the NoRW (0.005/km2) and NsRW (0.004/km2). This implies that landslides caused by long-duration and high-intensity rainfall events were centralized in the midslope of the hillslopes, whereas those that were caused by short-duration and high-intensity rainfall events were centralized in the upslope of hillslopes.



After Typhoon Morakot, the landslide in the LRW was strongly centralized in the Tangenshan sandstone, Chaochou formation, and Changchihkeng formation. The landslide densities in the three strata were greater than 0.09/km2. The similarity between the three strata is that they are of Middle Miocene to Pliocene age and are composed of sandstone. After Typhoon Megi, the landslide in the NoRW was centralized in the Heiyeshan formation, with a landslide density of 0.02/km2, and in the Lushan formation, with a landslide density of 0.015/km2. The Heiyeshan formation is of Eocene age, whereas the Lushan formation is of Middle Miocene age. The composition in both strata includes metasandstone. After Typhoon Soudelor, the landslide in the NsRW was centralized in the Tsuku formation, with a landslide density of 0.005/km2. The Tsuku formation is of Oligocene age and comprises alternations of siltstone and argillite. The extreme rainfall-induced landslide was centralized in the strata composed of sandstone and siltstone.



The landslide density after Typhoon Morakot in the LRW was 0.070/km2 in forested areas, 0.033/km2 in agricultural areas, and 0.038/km2 in developed areas. The landslide density after Typhoon Megi in the NoRW was 0.0018/km2 in forested areas, 0.001/km2 in agricultural areas, and 0.009/km2 in developed areas. The landslide density after Typhoon Soudelor in the NsRW was 0.002/km2 in forested areas, 0.010/km2 in agricultural areas, and 0.007/km2 in developed areas. Therefore, the landslide-prone areas during short-duration and high-intensity rainfall events were the agricultural and developed areas, whereas those during long-duration and high-intensity rainfall events were the forested areas.




4.3. Landslide Frequency Density-Area Distribution


Figure 4 shows the landslide frequency density-area distributions in the three watersheds under typhoon events; the straight lines are the best-fitting lines. The landslide frequency density-area distribution was higher in the LRW than in the NoRW and NsRW on all of the landslide scales; however, the distribution was higher in the NoRW than in the NsRW on medium and large landslide scales. The range of landslide areas for all landslide cases spanned five orders of magnitude from 7 × 10−5 to 3 × 100 km2 in the LRW, three orders of magnitude from 1 × 10−4 to 9 × 10−2 km2 in the NoRW, and four orders of magnitude from 4 × 10−5 to 1 × 10−1 km2 in the NsRW. Long-duration and high-intensity rainfall events were of higher strength to induce large-scale landslides than short-duration and high-intensity rainfall events.


Figure 4. The landslide frequency density-area distribution and fitting lines in the LRW under 2009 Typhoon Morakot (gray line in (a)), NoRW under 2010 Typhoon Megi (red line in (a)), NsRW under 2015 Typhoon Soudelor (black line in (a)), and LRW from 2003 to 2014 (b).
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The range of landslide areas with the highest frequency density (i.e., the roll-over point) was from 4 × 10−5 to 5 × 10−5 km2 in the LRW, 4 × 10−5 km2 in the NoRW, and 2 × 10−5 km2 in the NsRW. The frequency densities of small-, medium-, and large-scale landslides were, respectively, from 7 × 104 to 4 × 107 km−2, from 2 × 103 to 6 × 105 km−2, and <7 × 103 km−2 in the LRW; from 3 × 103 to 5 × 105 km−2, from 1 × 102 to 7 × 103 km−2, and <1 × 103 km−2 in the NoRW; and from 9 × 102 to 6 × 106 km−2, from 7 × 101 to 9 × 102 km−2, and <7 × 101 km−2 in the NsRW. In the three watersheds, the landslide area with the highest frequency density was from 2 × 10−5 to 5 × 10−5 km2; however, the frequency density in the LRW was larger than those in the NoRW and NsRW by one to two orders.



The constants α, β, and R2 of the best-fitting lines in the landslide frequency density-area distribution plot were, respectively, 215.5, 1.348, and 0.86 in the LRW; 17.9, 1.220, and 0.77 in the NoRW; and 6.9, 1.346, and 0.75 in the NsRW. The β value in the LRW was higher than those in the NoRW and NsRW. All of the β values in the three watersheds were lower than 1.4, implying that small landslides dominated the landslide inventories in the three watersheds.




4.4. Topographic Position Analysis


Figure 5 and Figure 6 illustrate the topographic position analysis plots in the three watersheds under typhoon events. Table 3 details the statistical data in the three watersheds in the year of typhoon events and in the previous year. The number of downslope landslides in the three watersheds in the year of typhoon events was greater than that in the previous year by 1.03–123.6 times.


Figure 5. The schematic map of landslide position analysis (a); revised from [30] and the landslide position analysis plots in the NoRW in 2009 (left figure in (b)) and 2010 (right figure in (b)), and in the NsRW in 2014 (left figure in (c)) and 2015 (right figure in (c)).
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Figure 6. The landslide position analysis plots in the LRW from 2003 to 2014.
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Table 3. The statistical data of upslope, downslope, and midslope landslide cases in the three watersheds.







	
Locations

	
NoRW in 2009

	
NoRW in 2010

	
NsRW in 2014




	

	
N*

	
Per*

	
TA*

	
N

	
Per

	
TA

	
N

	
Per

	
TA




	
DS*

	
41

	
59

	
481,925

	
176

	
60

	
498,944

	
2

	
33

	
2744




	
US*

	
14

	
20

	
117,475

	
72

	
25

	
132,040

	
3

	
50

	
1784




	
MS*

	
15

	
21

	
338,925

	
46

	
16

	
543,287

	
1

	
17

	
29,292




	

	
NsRW in 2015

	
LRW in 2003

	
LRW in 2004




	
DS*

	
262

	
77

	
339,194

	
655

	
61

	
3,450,660

	
1710

	
67

	
9,436,217




	
US*

	
60

	
18

	
38,655

	
243

	
23

	
1,976,064

	
463

	
18

	
2,222,163




	
MS*

	
20

	
6

	
73,557

	
169

	
16

	
2,993,968

	
383

	
15

	
9,848,955




	

	
LRW in 2005

	
LRW in 2006

	
LRW in 2007




	
DS*

	
1837

	
68

	
11,606,038

	
1737

	
67

	
10,845,901

	
1044

	
63

	
6,794,636




	
US*

	
429

	
16

	
3,138,360

	
456

	
18

	
3,705,787

	
334

	
20

	
1,310,816




	
MS*

	
432

	
16

	
11,820,557

	
411

	
16

	
12,163,322

	
276

	
17

	
7,752,975




	

	
LRW in 2008

	
LRW in 2009

	
LRW in 2010




	
DS*

	
701

	
66

	
5,536,640

	
2851

	
63

	
31,906,507

	
4786

	
62

	
29,548,656




	
US*

	
163

	
15

	
1,122,250

	
867

	
19

	
6,121,908

	
1741

	
23

	
5,411,773




	
MS*

	
196

	
19

	
5,996,833

	
822

	
18

	
62,622,404

	
1143

	
15

	
49,371,784




	

	
LRW in 2011

	
LRW in 2012

	
LRW in 2013




	
DS*

	
3007

	
61

	
24,183,843

	
2985

	
62

	
22,509,769

	
4338

	
63

	
22,058,529.7




	
US*

	
981

	
20

	
6,037,161

	
942

	
20

	
5,046,249

	
1640

	
24

	
5,653,749.2




	
MS*

	
961

	
19

	
38,732,913

	
903

	
19

	
32,738,814

	
941

	
14

	
33,581,493.8




	

	
LRW in 2014

	

	




	
DS*

	
2893

	
62

	
22,278,709

	

	

	

	

	

	




	
US*

	
885

	
19

	
6,128,770

	

	

	

	

	

	




	
MS*

	
899

	
19

	
34,599,337

	

	

	

	

	

	








Note: N*, Per*, and TA* mean the number of landslide case, the percentage (%) of landslide case number to the total landslide case number, and the total area (m2) of landslide cases. DS*, US*, and MS* mean the downslope, upslope, and midslope landslide.








Of the total number of landslides in the three watersheds, the percentage of downslope cases ranged from 60% to 77%, whereas that of upslope cases ranged from 18% to 25%. In the three watersheds, the mean areas of downslope landslides after the typhoon events were larger than those of upslope landslides by 1.39–2.01 times, and in the LRW, this was larger than those in the NoRW and NsRW by 2.48–5.40 times. The area of downslope landslides that were caused by Typhoon Morakot in the LRW increased by approximately 26.4 km2, whereas that caused by Typhoon Megi in the NoRW only increased by approximately 0.34 km2, and that caused by Typhoon Soudelor in the NsRW only increased by approximately 0.02 km2. The area and number of downslope landslides under long-duration and high-intensity rainfall events were clearly larger than those under short-duration and high-intensity rainfall events.




4.5. Locations of Extreme Rainfall-Induced Landslides


Sediment yield from landslides or debris flow is highly active in the mountainous areas of Taiwan, and extremely large sediment deposition in the upstream reaches results in severe bank-erosion landslides in sinuous or meandering reaches. Table 4 shows the statistical data of landslide distribution in reaches with different SO values in the three watersheds after typhoon events. If the lowest points of landslides were within 200 m of rivers, the cases were recognized as being located beside rivers. Of the total watershed area, the percentage of areas within 200 m to rivers was only 41.0–42.6% in the three watersheds; however, of the total number of landslides after typhoon events, the percentage of landslides beside rivers was 90.9–95.0%. Of the total number of landslides, the percentage of landslides beside small and large erosion gullies and ephemeral streams was 75.8–82.8% in the three watersheds, whereas, the percentage of those beside main rivers and intermittent streams was 10.8–19.3%. Most extreme rainfall-induced landslides were centralized beside erosion gullies and ephemeral streams. The mean landslide densities in the areas within 200 m of reaches with SO values of 1, 2, 3, 4, 5, and 6 were, respectively, 0.187/km2, 0.142/km2, 0.135/km2, 0.121/km2, 0.112/km2, and 0.079/km2 in the LRW; 0.012/km2, 0.008/km2, 0.007/km2, 0.007/km2, 0.005/km2, and 0.003/km2 in the NoRW; and 0.007/km2, 0.006/km2, 0.005/km2, 0.005/km2, 0.003/km2, and 0.002/km2 in the NsRW. The landslide density in the upstream reaches was larger than that in the downstream reaches; moreover, in the watersheds, the landslide density after long-duration and high-intensity rainfall events was larger than that after short-duration and high-intensity events.



Table 4. The ratio of the number of landslide beside the reaches with different stream order (SO) to the total number of landslide induced by typhoon events in the three watersheds.







	
Watersheds

	
SO Value of the Reache

	
Total Percentage




	
1

	
2

	
3

	
4

	
5

	
6

	
7






	
LRW

	
34.7

	
31.7

	
13.4

	
6.4

	
3.2

	
1.5

	
0.0

	
90.9




	
NoRW

	
51.7

	
22.0

	
9.1

	
5.1

	
5.7

	
0.0

	
-

	
93.6




	
NsRW

	
40.4

	
19.0

	
16.4

	
9.4

	
7.3

	
2.6

	
-

	
95.0










Figure 7 shows the mean SI value in reaches with various SO values in the three watersheds. The mean SI value in reaches with SO values of ≤3 ranged from 1.08 to 1.13 in the LRW, 1.10 to 1.16 in the NoRW, and 1.08 to 1.15 in the NsRW. The mean SI value in reaches with SO values of ≥4 was greater than 1.50 and peaked in reaches with SO = 6 in the LRW; moreover, the mean SI value ranged from 1.37 (reaches with SO = 6) to 3.11 (reaches with SO = 5) in the NoRW and from 1.51 (reaches with SO = 6) to 1.95 (reaches with SO = 4) in the NsRW. The reaches with SO values of ≤3 in the three watersheds are sinuous reaches, whereas those with SO values of >4 are meandering reaches.


Figure 7. The mean sinuosity index (black line for LRW, red line for NoRW, and blue line for NsRW) of and length/width ratio (black dash line for LRW, red dash line for NoRW, and blue dash line for NsRW) of landslide cases in the three watersheds.
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Sediment yield from the landslides and deposition in the upstream reaches was a key difference in the three watersheds. The total landslide volume was estimated as 650.33 × 106 m2 after Typhoon Morakot in the LRW, 0.134 × 106 m2 after Typhoon Megi in the NoRW, and 0.078 × 106 m2 after Typhoon Soudelor in the NsRW, based on Equations (3) and (4). The total landslide volume after Typhoon Morakot in the LRW was over 4000 times larger than those in the NoRW and NsRW. Most of the sediment from the rainfall-induced landslides was deposited in the upstream reaches, especially in the sinuous or meandering reaches. The mean sediment deposition depth after Typhoon Morakot in the Laonong River was recorded as >10 m [46], whereas those after Typhoon Megi in the Nanou River and Typhoon Soudelor in the Nanshih River were recorded as only <1.5 m. Abundant sediment deposition in the sinuous or meandering reaches resulted in severe bank-erosion landslides during heavy rainfall events. Extremely large amounts of sediment were yielded from abundant infiltration-induced landslides in the upstream regions and deposited or transported to the sinuous or meandering reaches. The peak discharge under long-duration and high-intensity rainfall events in the LRW was larger than those under short-duration and high-intensity events in the NoRW and NsRW. The larger peak discharge resulted in more landslides beside the sinuous and meandering reaches in the LRW than in the NoRW and NsRW.



The length-to-width ratio (L/W ratio) of landslides can facilitate explaining their inducing mechanisms [47] and their shape characteristics [48]. Landslides induced by river scouring usually exhibit low L/W ratios, whereas those induced by infiltration exhibit high L/W ratios. Figure 7 shows the mean L/W ratios of landslides beside the reaches with various SO values. The mean L/W ratios of landslides in all reaches ranged from 1.612 to 2.490 in the LRW, 1.845 to 2.423 in the NoRW, and 1.98 to 2.245 in the NsRW. The ranking of the mean L/W ratio difference of landslides beside the reaches with SO values of 1 and 6 in the three watersheds (i.e., 0.878 in the LRW, 0.578 in the NoRW, and 0.265 in the NsRW) was the same as the ranking of sediment yield that was caused by typhoon events in the three watersheds. The mean L/W ratio of landslides beside the reaches with SO = 1 in the LRW was the highest among the three watersheds, whereas that of landslides beside the reaches with SO = 6 in the LRW was the lowest. Therefore, sediment yield in the LRW was a key influencing factor for landslides. Landslides with low L/W ratios that were occurring beside the reaches with SO values of >3 were induced by the river scouring the hillslopes beside the sinuous or meandering reaches, whereas those with high L/W ratios that were occurring beside the reaches with SO values of ≤3 were induced by infiltration, which developed in the erosion gullies.





5. Long-Term Evolution of Landslides from 2003 to 2014 in the LRW


5.1. NUMBER of Landslides and Characteristics of Rainfall Type


Figure 8 shows the statistical data of rainfall records from 2003 to 2014 in the LRW. The mean annual rainfall from 2003 to 2014 ranged from 3100 to 4432 mm at the Meishan, Xinan, and Dajin rainfall stations (Figure 1), whereas that for the whole of Taiwan was reported to be approximately 2500 mm. The mean times per year of daily rainfall (RD) > 350 mm from 2003 to 2014 at the three rainfall stations was 0.83–2.25, whereas that of RI > 70 mm/h was 0.33–1.53. The number of small-, medium-, and large-scale landslides constituted 71.9–96.2%, 2.0–24.0%, and <5.0% of the total number of landslides from 2003 to 2014, respectively. From 2003 to 2014, the total numbers of landslides and small-scale landslides were the highest in 2010 and the lowest in 2008, whereas those of medium- and large-scale landslides were the highest in 2009 and the lowest in 2008.


Figure 8. The numbers of landslide (a), including total landslide (black line), small scale landslide (black dash line), medium scale landslide (grey line), and large scale landslide (grey dash line) and annual rainfall (b), the times of RD > 350 mm (the standard of heavy rainfall, (c), and the times of RI > 70 mm/h (d) according to the records of Meishan (black line), Xinan (black point line), and Dajin (black dash line) from 2003 to 2014 in the LRW.
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Two ascending sections in the numbers of landslide from 2003 to 2014, which are from 2008 to 2010 and 2012 to 2013, are shown in Figure 8. In the LRW, the total numbers of landslides, small-scale landslides, medium-scale landslides, and large-scale landslides were, respectively, 3480, 2243, 1068, and 170 from 2008 to 2009, and were 3131, 3200, −52, and −20 from 2009 to 2010. Therefore, the total number landslides increased in the year of Typhoon Morakot; however, only small-scale landslides increased in the year after Morakot. The mean annual rainfall, total times of RD > 350 mm, and total times of RI > 70 mm/h at the three rainfall stations in 2009 (3629.0 mm) were 3629.0 mm, 7, and 8, respectively, whereas those in 2010 were 3070.0 mm, 2, and 1, respectively. The increases in small-, medium-, and large-scale landslides from 2012 to 2013 were 2121, −25, and −7, respectively. The mean annual rainfall, total times of RD > 350 mm, and total times of RI > 70 mm/h in 2012 were 4319.0 mm, 4, and 3, respectively, whereas those in 2013 were 3238.0 mm, 1, and 1, respectively. In the LRW, small-scale landslides were more easily induced after Typhoon Morakot than before Morakot. Moreover, the occurrences of medium- and large-scale landslides were more relative to the total times per year of RD > 350 mm and RI > 70 mm/h than to annual rainfall, particularly in the years with total times per year of >9.




5.2. The Landslide Frequency Density-Area Distribution


Figure 5b shows the landslide frequency density-area distribution from 2003 to 2014. The range of landslide areas for total landslides spanned less than six orders of magnitude from 5 × 10−5 to 2 × 101 km2 from 2003 to 2008, which enlarged to seven orders of magnitude from 5 × 10−5 to 3 × 102 km2 in 2009 (the maximum span from 2003 to 2014), and narrowed to seven orders of magnitude from 4 × 10−5 to 2 × 102 km2 in 2013.



The β value of the best-fitting line in the landslide frequency density-area distribution plot from 2003 to 2014 ranged from 1.288 (in 2013) to 1.647 (in 2005). The difference in the β value was −0.153 from 2008 to 2009 and −0.256 from 2012 to 2013. The frequency densities in landslide areas of 10−2 and 10−1 km2 in 2008 were 2 × 105/km2 and 9 × 102/km2, increasing to 1 × 106/km2 and 8 × 103/km2 in 2009. The frequency densities in landslide areas of 10−2 and 10−1 km2 from 2009 to 2014 were never smaller than 8 × 105/km2 and 4 × 103/km2. This result indicates that a rainfall event with the return period of >200 years (i.e., Typhoon Morakot in 2009) could raise the frequency density of landslides by one order in the LRW, and that the frequency density of landslides was never smaller than the original frequency density in 2008 from 2010 to 2014.



In the LRW, the decline in the β value from 2012 to 2013 was greater than that from 2008 to 2009, and the β value in 2013 was the lowest from 2003 to 2014. This is because the increase in the number of small-scale landslides from 2012 to 2013 was a dominant portion of the increase in the number of total landslides.




5.3. Topographic Position Analysis


Figure 6 and Table 3 show the topographic position analysis plot and the statistical data from 2003 to 2014 in the LRW, respectively. Downslope landslides constituted 61–68% of the total landslides from 2003 to 2014, whereas upslope and midslope landslides constituted 15–24% and 14–19%, respectively. The total area of downslope landslides ranged from 3.45 × 106 to 5.53 × 106 m2 from 2003 to 2008, increasing to 31.9 × 106 m2 in 2009, and was never smaller than 22.0 × 106 m2 from 2010 to 2014. The total area of midslope and upslope landslides had similar trends with that of small-scale landslides.



The area and number of downslope landslides in the LRW were relative to the total times per year of RD > 350 mm and RI > 70 mm/h at the three rainfall stations. In the LRW, the area and number of downslope landslides from 2003 to 2014 reached a peak in 2009; moreover, the total times per year of RD > 350 mm and RI > 70 mm/h at the three rainfall stations from 2003 to 2014 also reached a peak in 2009. The area and number of downslope, upslope, and midslope landslides had a rising trend as the total times per year of RD > 350 mm and RI > 70 mm/h at the three rainfall stations were over nine.




5.4. Long-Term Evolution of Landslides


We applied the multiyear landslide distribution derived in a subwatershed (Figure 1 and Figure 9) to explain the long-term evolution of landslides in the LRW. No large-scale landslide case occurred in the subwatershed of the LRW from 2003 to 2007. The location of landslides caused by Typhoon Morakot can be classified into three types: not beside rivers, beside rivers, and in the source area of rivers. The small landslides not located beside rivers gradually disappeared (i.e., through vegetation recovery) within four years. The landslides located beside rivers, especially the sinuous or meandering reaches (red rectangle in Figure 9), either developed gradually into large-scale landslides or disappeared slowly. The landslides located in the source area of rivers (red circle in Figure 9) gradually developed into large-scale landslides. The locations of the large-scale landslides caused by Typhoon Morakot could be verified in the aforementioned analyses. The large-scale landslides that were caused by Typhoon Morakot occurred only in two locations. The first was in a source area of a river and was a combination of several historical small-scale landslides (red circle in Figure 9). The second was beside a sinuous or meandering reach (red circle in Figure 9).


Figure 9. The long-term evolution of landslide in a sub-watershed of LRW (Figure 1 and Figure 2) from 2003 to 2013.
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5.5. Mean Recurrence Interval of Landslides


We used the Poisson model to estimate the probability of landslide recurrence based on the multiannual landslide inventories from 2003 to 2014 in the LRW. The total times that a 5-m grid was recognized as a landslide in 12 years were used to estimate the mean recurrence interval in a specific time interval. The areas of grids recognized as landslide grids for ≥1 time, ≤5 times, and >5 times from 2003 to 2014 in the LRW were 153.4 km2 (11.1% of the watershed area), 113.9 km2 (8.3% of the watershed area), and 39.5 km2 (2.9% of the watershed area), respectively. Approximately 88.9% of the watershed area had never been recognized as landslide grids in 12 years in the LRW. The mean number of times that grids had been recognized as landslides in 12 years in the LRW was 0.39.



If the grids had never been recognized as landslides from 2003 to 2014, the total time of landslide occurrence was 0; however, we used 0.001 instead of 0 to avoid a calculation with no meaning. Figure 9 shows the probability distribution of landslide recurrence during the next 5, 10, and 20 years in the LRW. The mean probabilities of landslide recurrence during the next 5, 10, and 20 years in the LRW (Figure 10) were determined to be 7.26%, 9.16%, and 10.48%, respectively, whereas those in the area within 200 m of rivers were 10.47%, 13.33%, and 15.41%, respectively.


Figure 10. The probability distribution of landslide recurrence during the next 5 (a), 10 (b), and 20 (c) years in the LRW. (d) Explains the landslide recurrence probability during the next specific time interval based on the landslide occurrence time from 2003 to 2014 in the LRW.
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Figure 10d shows the probability distribution of landslide recurrence during the next specific time interval in the LRW. The landslide recurrence probability of grids that were never recognized as landslides in 12 years was calculated to range from 0.0% to 1.65% during the subsequent 1 to 200 years. The recurrence probability of grids that were recognized as landslides for ≥1 time ranged from 8.0% to 63.2% during the subsequent year, but it ranged from 56.5% to 100.0% during the subsequent 10 years and was close to 100.0% during the subsequent 100 years.





6. Conclusions


We demonstrated the characteristics of extreme rainfall-induced landslides based on three landslide inventories after typhoon events in three watersheds. Some conclusions can be made based on the analysis results. Most extreme rainfall-induced landslides were centralized in areas with strata consisting of sandstone and siltstone. The landslide-prone areas under short-duration and high-intensity rainfall events were agricultural and developed areas, whereas those under long-duration and high-intensity events were forested areas. Large-scale landslides were most likely induced by rainfall events with maximum 6-h accumulated rainfall amounts of over 420 mm. The highest landslide frequency density in the LRW was 5 × 106/km2 in landslide areas of 2 × 10−5 to 5 × 10−5 km2, whereas those in the NoRW and NsRW were only 1 × 105/km2 and 6 × 105/km2 in the same landslide areas. The β values of the landslide frequency density-area analysis that were associated with extreme rainfall events in the three watersheds were lower than 1.348; therefore, small-scale landslides were a dominant portion of the total landslides. The number of downslope landslide cases constituted 60–77% of the total landslides in the extreme rainfall-induced landslide inventories. Moreover, 90.9–95.0% of the total landslides centralized beside the sinuous or meandering reaches, and extremely large sediment deposition in these reaches resulted in severe bank-erosion landslides.



We also explained the long-term evolution of landslides in the LRW based on the multiannual landslide inventories. The number of small-scale landslides constituted a dominant portion (71.9–96.2%) of total landslides in 12 years, whereas those of medium- and large-scale landslides constituted only 2.0–24.0% and <5.0%, respectively. Medium- and large-scale landslides occurred only in the years in which the total times per year of RD > 350 mm and RI >70 mm/h were over nine. The frequency density of landslides after Typhoon Morakot rose by one order of magnitude when compared with that before Morakot, and never fell to the original frequency density of landslides in 2008 in the five years following Morakot. Of the total landslides in 12 years, downslope, midslope, and upslope landslides constituted 61–68%, 15–24%, and 14–19%, respectively. Furthermore, small-scale landslides in the LRW that were not beside rivers disappeared within four years, whereas those beside rivers or in source areas either developed into large-scale landslides or disappeared slowly. Large-scale landslides in the LRW were only located in the source area of rivers combined with several historical small-scale landslides or beside the sinuous or meandering reaches. We used the Poisson model to estimate landslide recurrence probabilities in the LRW, which, during the next 5, 10, and 20 years, were 7.26%, 9.16%, and 10.48%, respectively, whereas those beside rivers were 10.47%, 13.33%, and 15.41%, respectively.
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