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Abstract. 
Fluctuations in the sediment yielding rate within mountainous areas are found after extreme precipitations. These changes are associated with rainfall-driven landslides and can be evaluated through observations of sediment transported in river water. In this study, we assess the differential impact level and duration of an extreme rainfall event caused by the 2009 Typhoon Morakot in Taiwan. Using a time series of suspended sediment data and landslide inventories within three affected catchments, our results found that the proportion of the typhoon-generated sediment discharges reached 58% of the 2009 annual sediment discharges, and the annual sediment discharges could be 15-fold higher than the average annual sediment discharges prior to the typhoon. The impact of the typhoon on suspended sediment discharge lasted for around four months. It is further revealed that a significant increase in the number of landslides was attributed to the impact of the extreme typhoon event, and the critical rainfall condition triggering landslides, based on the relationship between rainfall and landslide number and the rainfall intensity-duration thresholds, declined for 4–5 years.



1. Introduction
Located in the subtropical monsoon climate area in Asia, Taiwan encounters an average of four typhoons annually and is subjected to an average rainfall of approximately 2500 mm/yr [1]. In the wet seasons, such annual rainfall can induce numerous landslides in mountainous areas [2–4]. Because of generated landslides, fluctuations in the sediment yielding rate within mountainous areas can be perceived in Taiwan, especially after extreme precipitations given that sediments generated by landslides are largely transported to rivers [3, 5–10]. The above studies suggest that to better understand the role of extreme rainfalls on landslides and mitigate their social and environmental impacts, the issues associated with rainfall-driven landslides and sediment transported in river could be investigated.
In 2009, within a short period of six days (6–11 August), Typhoon Morakot dropped more than 1500 mm of rainfall in the central and southwestern mountainous regions of Taiwan (Figure 1(a)) [11], which resulted in catastrophic landslides and flooding disasters [12]. This extreme event caused more than 700 fatalities, destroyed hundreds of houses, and left thousands of people homeless. It is important to note that a large amount of soil and rock was delivered into the rivers along with heavy rains, producing large amounts of suspended sediment; therefore, this extreme rainfall event provides a good opportunity to evaluate the differential impact level and duration of affected areas that could be insightful for understanding the role of an extreme rainfall event on subsequent rainfall-driven landslides and sediment discharges.




		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
				
				
				
			
			
				
				
				
				
			
			
				
				
				
				
			
			
				
			
				
			
				
		(a)




		
			
		
			
		
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		(b)




		
			
			
			
		(c)
Figure 1: The rainfall and landslide distributions caused by Typhoon Morakot in 2009 and the 2009 annual suspended sediment discharges from the three rivers. (a) The contour lines represent the cumulative rainfall during the period from August 6 to 11, 2009. The numbers along the contour lines are the values of cumulative rainfall in mm. (b) The location of hydrometric stations and the boundaries of the three rivers. (c) Zoom-in view of landslide distribution around the boundary between the Zengwen River and the Gaoping River.


In this study, we focused on the amount of suspended sediment discharge (SSD) and mapped landslides in three major river catchments in central and southwestern Taiwan, including the Zhuoshui River, the Zengwen River, and the Gaoping River, to assess the impact of an extreme rainfall event on the occurrence of rainfall-driven landslides and sediment discharges transported in rivers (Figure 1(b)). The total area of these three catchments is 7151 km2, covering the major regions affected by heavy rainfall during Typhoon Morakot. The Zhuoshui River is the longest river in Taiwan, with a total length of 187 km and a catchment area of 2906 km2. The Gaoping River, the second longest river in Taiwan, has a total length of 171 km and the largest catchment area in Taiwan, 3257 km2. The Zengwen River is the fourth longest river in Taiwan, with a main stream length of 139 km and a catchment area of 988 km2; furthermore, the largest reservoir in Taiwan is located in the upstream area of this river.
2. Study Methods
2.1. Estimating Suspended Sediment Discharge (SSD)
The sediment concentration data used in this study were mainly collected from the Water Resources Agency (WRA) of Taiwan. The WRA staff sampled river water two to three times a month at each river hydrometric station using a DH-48 full-depth sampler and measured sediment concentrations [13]. The measured hydrometric data for this study were selected from the Changyun Bridge (1510H057) on the Zhuoshui River, the Xingchung Bridge (1630H019) on the Zengwen River, and the Liling Bridge (1730H043) on the Gaoping River. The rating curve method was used to estimate the amount of SSD transported during the whole year and during typhoon periods.
The rating curve method is one of the most common estimation methods for SSD [14–18], especially in cases of insufficient hydrometric data. The method is based on a power law regression relationship between the measured water discharge  (m3/s) and the daily suspended sediment discharge  (t). Furthermore, a  equation can be used to estimate the amount of SSD through the measured water discharge (Figure 2). The  equation is usually written in the form of , where  is determined by the availability and mobilization of sediment and  is the suspended sediment discharge at a unit discharge. Therefore, the rating curve method has an advantage in that only a small amount of measured sediment concentration data is required to estimate SSD. In general, the traditional rating curve method is suitable for estimating SSD in rivers within a transport-dominated environment [19], but its shortcomings are that the estimated SSD values are expected values and that there are residuals between the calculated and measured SSD values. Therefore, a modified rating curve method was developed by Kao et al. [17] to reduce the residuals. An error correction parameter used in the modified rating curve method is written as follows:
where  is the th measured daily SSD (ton) and  is the th measured water discharge (m3/sec). In general, twenty to thirty SSD measurements and in situ measurements of daily water discharge are collected per year at each hydrometric station. Hence, a yearly modified rating curve can be written as follows:
where  is the calculated daily SSD (tons/day) and  is the measured daily water discharge (m3/sec) on the th day. In the study, all yearly rating curves were demanded to have a coefficient of determination greater than 0.70. Once a modified rating curve is constructed for a given year, the annual SSD can be calculated by the following equations:
where TSS is the annual SSD (tons) and  is the number of measured daily water discharge data. In addition, the number of measurements of daily water discharge per year at each hydrometric station should be greater than 200 to make sure that the estimation of TSS is statistically convincing.




			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		(a) Zhuoshui River (1510H057)




			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		(b) Zengwen River (1630H019)




			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		(c) Gaoping River (1730H043)
Figure 2: Relationship between suspended sediment discharge () and water discharge () for each river: (a) the Zhuoshui River, (b) the Zengwen River, and (c) the Gaoping River. The red lines represent the regression lines of all 1997–2016 data.


In this study, the daily water discharges measured at the three hydrometric stations were used to calculate the daily SSD using the modified  rating curve method. During the typhoon periods,  accumulates in amount. The κ and  of the yearly rating curves obtained from the  equation mentioned earlier and the measured data of the three rivers are summarized in Tables S1, S2, and S3.
Given the fact that the largest reservoir in Taiwan only affects a tributary of the Zengwen River and its influence area is less than 50% of the entire catchment, the reservoir may not play a significant role in the  relationships at the downstream channels. In addition, the rapid accumulation of bedload in the reservoir area is mostly associated with the coarse sediment transport in the Zengwen River, suggesting that the influence of dam on the SSD could be minimized if it is based on the fine-grained sediment transport (i.e., suspended sediment discharge) [13, 20].
2.2. Landslide Mapping
To understand the extent and duration of the impact of Typhoon Morakot, catchment-scale landslide inventories across Taiwan were interpreted using SPOT-4 satellite remote sensing images with a spatial resolution of 10 m in multispectral mode. Images with minimal cloud cover were selected from before and after the typhoon and heavy rainfall events. All images were orthorectified to a standard base image and checked manually using fixed visible markers to ensure spatial consistency over time. Given that a fully manual interpretation of landslides for wide catchments remains inefficient and impractical, the landslide mapping utilized an automated and preliminary interpretation procedure, which has been validated a priori against a subcatchment of the Zhuoshui River, rendering an accuracy of greater than 90%. Presented herein is a brief description of the procedure to determine the landslide inventory maps to form the basis for the presented results.
The normalized difference vegetation index (NDVI) was adopted to conduct a preliminary and supervised classification of bare areas [21]. The exact NDVI thresholds for bare areas differed from one image to another and were determined by tuning the cutoff value based on visible contrasts. Subsequently, the classified areas were clustered based on slopes using a digital elevation model (DEM) with a resolution of 40 m to identify bare areas not associated with landslides (e.g., slope of the source area less than 10°). The interpretation procedure, facilitated by the NDVI thresholds and DEM-derived slope map, was implemented on the ArcGIS software for the automated interpretation. The interpretation results were carefully compared with an official 1 : 5000 topographic map to exclude areas of interpretation misjudgment (e.g., roads and buildings). Compared to a manual landslide identification using aerial photography, the accuracy of the automated interpretation (NDVI and DEM-derived slope map) showed to be greater than 90% (Figure S1). The annual landslide distribution map for each catchment is the result after the erasure of landslides that occurred in the previous year. In this study, the landslide ratios were also quantified to characterize landslides [4, 5]. The landslide ratio is the ratio of the total landslide area to the total catchment area.
3. Results
3.1. Suspended Sediment Discharge before the 2009 Typhoon Morakot
The historical variations of SSD from the three considered rivers were gained by the modified rating curve method. In the period of 1997–2008, the cumulative SSD transported through the Zhuoshui River was 1152 Mt and the cumulative water flux was 58.5 × 109 m3 (Figure 3(a)). The Zhuoshui River produced the largest amount of SSD among the three rivers. The average annual SSD before the 2009 Typhoon Morakot in the Zhuoshui River was 96.0 Mt/yr, and the average sediment yield in the unit catchment area was 33,035 t/km2/yr.




			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
		
			
			
		
			
			
		
			
			
		
			
			
		(a) Zhuoshui River (1510H057)




			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
		
			
		
			
			
		
			
			
		
			
			
		
			
			
		(b) Zengwen River (1630H019)




			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		(c) Gaoping River (1730H043)
Figure 3: Cumulative water flux and SSD in (a) the Zhuoshui River, (b) the Zengwen River, and (c) the Gaoping River in the period from 1997 to 2016.


As a result of the extreme Mw 7.3 earthquake of September 21, 1999, which significantly affected the mountainous areas of Taiwan, more than 10,000 landslides occurred. Some studies have reported that SSD obviously increases after a heavy earthquake [6, 22–24], and so accordingly, the 1999 earthquake can be used to divide the long-term average SSDs into pre- and postearthquake SSDs.
The average cumulative rate of SSD in unit water volume in the Zhuoshui River was 4.8 × 10−3 t/m3 before 1999 and 51.2 × 10−3 t/m3 in the period of 1999–2001, which was the highest of the increased rate among the three rivers. The result indicates that the yield of sediment in the Zhuoshui River was obviously increased by the earthquake in 1999.
The Zengwen catchment is located a fair distance from the epicenter area of the 1999 earthquake and, consequently, the seismic waves weakened gradually. The annual SSD in the Zengwen River in the period of 1997–2008 ranged between 1.2 Mt/yr and 24.5 Mt/yr, with an average of 7.9 Mt/yr, and the average sediment yield in the unit catchment area per year was 8026 t/km2/yr. In the period of 1997–2008, the cumulative SSD transported through the Zengwen River was 95 Mt and the cumulative water flux was 15.8 × 109 m3 (Figure 3(b)). Consequently, in the period of 1997–2008, the average cumulative rate of SSD in unit water volume in the Zengwen River was 3.8 × 10−3 t/m3.
The average annual SSD in the Gaoping River in the period of 1997–2008 was 38.9 Mt/yr, and the average sediment yield in the unit catchment area per year was 11,956 t/km2/yr. The cumulative SSD transported through the river before 2009 was 266.3 Mt, and the cumulative water flux was 92 × 109 m3 (Figure 3(c)). The average cumulative rate of SSD in unit water volume in the Gaoping River was 2.8 × 10−3 t/m3.
3.2. SSD during Typhoon Morakot and the 2009 Annual Sediment Discharge
During Typhoon Morakot, the SSD of 136.5 Mt was transported from the mountainous catchment of the Zhuoshui River, which comprised 91.4% of the annual SSD in 2009 and even reached 142.2% of the average annual SSD (Table 1). Furthermore, the cumulative rates of SSD in unit water volume of 42.7 × 10−3 t/m3 in 2009 were 2.7-fold higher than the average in the period of 2001–2008. In the southwestern region, the Zengwen River produced an SSD of 50.7 Mt during Typhoon Morakot; its SSD value reached 58.3% of the 2009 annual SSD. The cumulative rate of SSD in unit water volume reached 30.3 × 10−3 t/m3.
Table 1: Statistics of SSD in the three catchments.
	

	Catchment	Area (km2)	SSD during Typhoon Mindulle (Mt)	2009 SSD (Mt)	Proportion of typhoon SSD to 2009 SSD (%)	1997–2008 average annual SSD (Mt)	2010–2015 average annual SSD (Mt)
	

	Zhuoshui River	2906	136.5	149.3	91.4	96.0 ± 34.8	37.5 ± 9.6
	Zengwen River	988	50.7	87.0	58.3	7.9 ± 2.1	4.4 ± 1.5
	Gaoping River	3257	570.0	584.2	97.6	38.9 ± 16.3	7.2 ± 2.0
	



In addition, during Typhoon Morakot, the Gaoping River produced SSDs of 570 Mt (97.6% of the 2009 annual SSD), which exceeded the average annual SSDs of the river by 15-fold. Meanwhile, the 2009 cumulative rate of SSD in unit water volume in the river was 102.3 × 10−3 t/m3. The 2009 cumulative rates of SSD in unit water volume increased 37 times. These facts strongly suggest that abundant sources of sediment significantly increase the SSD in rivers after a heavy typhoon.
The calculation of the 2009 annual SSDs showed that the Gaoping River produced the maximum annual SSD of 584.2 Mt, followed by the Zhuoshui River, with 149.3 Mt. The amount of sediment brought to the rivers due to huge mass movements on slopes after the typhoon raised the 2009 annual SSD to 15 times higher than the past annual averages.
3.3. Catchment-Scale Variations of Landslides
Considering the differences in the catchment area between the three rivers, the influence of Typhoon Morakot on the different catchments is presented in terms of landslide ratio. The landslide ratio induced by Typhoon Morakot in the Zhuoshui River was not significantly higher than that in the past, and the ratios descended quickly after 2009 (Figure 4). The typhoon caused the largest scale mass movements in the Zengwen and Gaoping Rivers in the past decades. It is clear that landslide ratios in the three catchments were associated with differential impact levels.
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		(c) Gaoping River
Figure 4: The variations of landslide ratios in the three catchments during 2005–2016.


The variation in the number of landslides during 2005–2016 in the Zengwen catchment is almost consistent with the changes in landslide ratios (Figure 5(a)). In the past 12 years, these results have indicated that the main types and sizes of mass movements in the Zengwen catchment changed within a narrow range, and it is clear that Typhoon Morakot was the rainstorm event that caused the most landslides. By comparing the amount of cumulative rainfall and landslide numbers during 2005–2008, we found that the number of landslides rose with increasing cumulative rainfall, but this state was changed after the typhoon. The extreme cumulative rainfall during the typhoons caused an abrupt increase in the number of landslides. After Typhoon Morakot, the intensity of rainfall brought by typhoons in the period of 2010–2014 was relatively moderate, but the number of landslides was not significantly reduced. Therefore, before and after Typhoon Morakot, the relationship between cumulative rainfall and landslide number seems to have exhibited different trends (Figure 5(b)). It is noteworthy that, in 2015 and 2016, the relationship between cumulative rainfall caused by typhoons and the number of landslides appeared to have returned to the state prior to Typhoon Morakot.
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		(d) Zhuoshui
Figure 5: (a) The variations of landslides during 2005–2016 in the Zengwen River catchment. (b–d) The relationships between the landslide number and cumulative rainfall in the Zengwen River, Gaoping River, and Zhuoshui River catchments.


4. Discussion
The changes in observations of SSD reflected the impact of Typhoon Morakot on the annual SSD from the rivers in central and southwestern Taiwan. The extreme rainstorms during the typhoon not only induced a great deal of event-induced SSD but also affected the amount of SSD. The influences of Typhoon Morakot on sediment yields in each catchment were obviously different. The suspended sediment discharge measured in the period from August 7 to December 31 in 2009 was compared with all SSD data (Figure 2). The SSD in the Gaoping River increased most significantly. The comparison of the relationship between SSD and water discharge after the Typhoon Morakot with the relationship before the typhoon presents a different variation mode in the Zengwen River and Gaoping River. In contrast to the fact that the amount of SSD delivered from the Gaoping River increased significantly after the typhoon, the SSD greater than the historical mean in the Zengwen River was observed only when water discharge was greater than 100 m3/sec, and even measured SSD was greater than the historical maximum at the same water discharge. The maximum cumulative rainfall during Typhoon Morakot in the southwestern region exceeded 1500 mm; however, the maximum cumulative rainfall in the central region did not exceed 1500 mm (Figure 1), indicating that the cumulative rainfall decreased northward. The difference between the SSD after the Typhoon Morakot and historical data of the Zhuoshui River was insignificant, and this is explained by the fact that the influence of the typhoon gradually decreased northward.
The  value of the  rating curve, corresponding to the twenty-year data collected from the Zengwen River, is larger than that of the Zhuoshui River and the Gaoping River (Figure 2). A large part of the Zengwen River catchment is occupied of young and poorly cemented mudstones [25–27]. The natural characteristics of the mudstones are sensitive to weathering and prone to rainfall-induced erosions, bringing abundant fine-grained sediments and relatively greater yielding rates of the SSD [28, 29]. The fine-grained sediments stemming from the mudstones also explained the milder decrements in the cumulative rate of the SSD in the Zengwen River (Figure 3). When water discharge was less than 100 m3/sec, the observed SSDs in the following four months (September to December) after the typhoon had unobvious difference from that SSDs observed prior to the typhoon. In addition, a huge amount of fine-grained sediment would be delivered downstream during the typhoon as well as the subsequent months, alleviating the cumulative rates of the SSD in the following years after the Typhoon Morakot. The variations of the cumulative rates of the SSD during 1997–2016 signify that the impact of an extreme rainstorm on fluvial fine-grain sediment could be violent; nevertheless, such impact may last for only a few months.
Although the landslide ratios appear to have rapidly declined after 2010, it should be noted that Taiwan’s mountainous areas had relatively dry climatic conditions during 2010–2014. It is noteworthy that, in 2015 and 2016, the relationship between cumulative rainfall caused by typhoons and the number of landslides in the Zengwen River catchment appeared to have returned to the state prior to Typhoon Morakot. In terms of the changes in relationships between landslide and rainfall, a similar trait was established in catchments of the Gaoping and Zengwen Rivers, both showing that the influence of the typhoon could linger for 4–5 years; however, such trait could not be observed in the Zhuoshui River catchment (Figure 5). According to the results, the influence of the typhoon on landslides and SSD was quite different, in which, the former and the latter lasted 4–5 years and 4 months, respectively. The relatively longer recovery period on landslides could be attributed to the gradual process of landslide materials developing into fine-grained sediments, eventually becoming the sources of SSD.
The slight difference in landslide ratios for the relatively drier periods during 2010–2014 pointed out that rainfall conditions for triggering landslides could have changed after Typhoon Morakot. The Soil and Water Conservation Bureau of Taiwan investigated more than 321 landslides that occurred in Taiwan during 2006–2014 and collected rainfall data for the areas where they occurred. The numbers of investigated landslides in the southern region barring 2009 data (outlier) were 35 during 2006–2008 and 23 during 2010–2014. The critical rainfall condition for landslides was estimated by the rainfall intensity-duration (I-D) threshold using the frequentist method proposed by Brunetti et al. [30]. In that study, the critical line was defined as the threshold corresponding to the 5% exceedance probability. Obviously, the 2010–2014 critical line was lower than the 2006–2008 line (Figure 6(a)), indicating that the critical rainfall for initiating landslides in the southern region dropped after Typhoon Morakot. In contrast, the change in the rainfall conditions for triggering landslides in the northern region was rather slight after the typhoon (Figure 6(b)). Furthermore, on a long-term basis, to explore the gradual restoration of the threshold after an extreme typhoon and expound the role of such event in subsequent sediment discharges and rainfall-driven landslides, it is suggested that future observations on the effects of Typhoon Morakot be continued.
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		(b) Northern region
Figure 6: The lower boundaries of rainfall condition for triggering landslides in 2006–2008 and 2010–2014. (a) 58 landslides in the southern region. The numbers labeled around the data lower than the lower boundary of 06–08 mean the occurrence year of event. (b) 35 landslides in the northern region.


5. Conclusions
The maximum cumulative rainfall caused by Typhoon Morakot in 2009 exceeded 1500 mm, leading to catastrophic slope failures and flooding disasters in the central and southwestern regions of Taiwan, as well as large amounts of suspended sediment discharges (SSDs). In this study, the SSDs in the three major rivers in Taiwan, the Zhuoshui River, the Zengwen River, and the Gaoping River, were estimated from the measured data of water discharge and sediment concentration. The estimation of the SSD from each river showed that the sediment yields during Typhoon Morakot comprised at least 58% of the 2009 annual SSD, and the SSD in the Gaoping River during the typhoon reached 98% of the annual SSD. In addition, during Typhoon Morakot, the total amount of SSD in the catchments in the southwestern region of Taiwan exceeded the average annual sediment discharge for the years before 2008. This finding is a clear indication that the amount of SSD of a single rainstorm can be higher than the average annual SSD. The amount of the 2009 annual SSD in each river was attributed to an extreme event and can lead to SSD 15 times higher than the corresponding average annual SSD. These results indicate that the sediment supply in these catchments was greatly affected by the extreme rainfall during Typhoon Morakot, creating an unusually large sediment discharge for the year. By comparing the SSDs affected by Typhoon Morakot in the three rivers, we found that the Gaoping River was affected most significantly, but the influence gradually decreased northward. The impact of the typhoon on suspended sediment discharge lasted for around four months. The variations of landslide ratios in these three catchments revealed that Typhoon Morakot caused the largest-scale mass movement disaster in the southwestern region of Taiwan in the past decades. The relationship between the landslide number and rainfall in the Zengwen River and Gaoping River catchments during 2005–2016 revealed that the impact of an extreme typhoon on landslides in a given basin could last for 4–5 years. Furthermore, the comparison of the rainfall thresholds before and after the typhoon indicated that the critical rainfall for triggering landslides declined during the years following the extreme event.
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