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Many landslides are triggered by excess precipitation. In the eastern part of China, landslides caused by extreme rainfall from typhoons in the monsoon season are the main geomorphological process with catastrophic impacts on society and the environment. In this study, Wenzhou City in eastern China was taken as the study area, and we compiled a detailed inventory of rainfall-triggered landslides between 1999 and 2016. The developmental characteristics of these landslides were determined with an emphasis on temporo-spatial distribution. The results showed that most of the landslides were located in the mountainous area of the western part of Wenzhou City. Landslides triggered by typhoon rainfall were commonly concentrated in a short period from July to September, when more than 70% of the landslides occurred. The landslides in this region were mainly of the debris-flow type, most of which were on a small scale, but had severe effects because of large elevation differences and long runout distances. Because the precipitation in typhoon events was commonly extreme, the initiation area of most landslides coincided with the region of highest hourly precipitation. Our results can provide reference data and guidelines for developing an early warning system for landslides and risk reduction in the study area.
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1 INTRODUCTION
It is well known that East Asia is one of the main areas suffering from rainfall-induced landslides due to the onset and duration of the monsoon (Wu et al., 2014; Guo et al., 2019; Guo et al., 2020). Statistical data showed that China suffers from more than 10% of all rainfall-triggered landslide events worldwide (Froude and Petley, 2018). One important characteristic of the Asian monsoon is the typhoon (Webster et al., 1998), which commonly causes very heavy precipitation that can trigger cluster landslides in the hilly coastal region (Zhuang et al., 2022). In eastern China, typhoon rainfall-triggered landslides are major geomorphological activities, causing damage to infrastructure and the environment each year to the extent of millions of RMB (Wang and Yin 2018; Zhou et al., 2020; Li et al., 2021). Hence, it is of great importance to determine the developmental mechanisms behind these landslides for both the scientific community and local authorities.
Regional landslides triggered by extreme rainfall events generally occurred in clusters (Medina et al., 2021; Hürlimann et al., 2022), so understanding the mechanism and assessment of landslide episodes relies on the availability of landslide inventories (Crozier, 2005; Wu et al., 2020; Guo C et al., 2021). Creation of a landslide inventory is the first step toward understanding landslide susceptibility, hazard, and risk assessment (Guzzetti et al., 1999; Fell et al., 2008; Huang F. et al., 2021). Manual techniques have been widely applied to compile landslide inventories across large areas, but they are time-consuming, difficult in practice, and sometimes not suitable for mountainous terrains or highly concentrated landslides (Santangelo et al., 2010). To overcome these drawbacks, some advanced approaches and tools have been developed to map landslides semi-automatically or automatically to produce an inventory. For instance, algorithms based on different sources such as satellite data, interferometric synthetic aperture radar (InSAR) technology, and unmanned aerial vehicle (UAV) photogrammetry (Alvioli et al., 2018; Prakash et al., 2020; Abancó et al., 2021; Guo Z et al., 2021). However, the most widely accepted methods so far are hybrid ones that balance accuracy and efficiency. For example, Hürlimann et al. (2022) created a detailed inventory of landslides triggered by extreme rainfall events in the Pyrenees in 2013 by interpretation of aerial photographs, helicopter flights, and field surveys.
It is widely accepted that future climate change combined with more extreme rainfall events will increase the frequency and magnitude of rainfall-induced landslides in mountainous areas (Huang et al., 2022a; Yin et al., 2022). Besides being affected by the monsoon climate, the eastern part of China often suffers from heavy precipitation in the rainy season every year. Due to the hydrological effect induced by heavy rainfall, the soil pore pressure and effective stress decrease (Jiang et al., 2018; Huang et al., 2022b), which rapidly increases the risk of slope failure. Thus, considering the relationship between a rainfall-induced landslide inventory and extreme rainfall facilitates the analysis of landslide risk. The eastern part of China often suffers from heavy precipitation in the monsoon season every year; however, most such studies focused on regional landslide hazard assessment (including susceptibility analysis) (Liu et al., 2012; Wang and Yin, 2018; Huang et al., 2020), rainfall threshold definition (Chang et al., 2008; Ma et al., 2015; Wei et al., 2017), and implementation of an early warning system (Wu et al., 2014; Wei et al., 2018). Only a limited number of reports have been published investigating the geophysical laws and characteristics of these rainfall-induced landslides, although this should be a foundational step for landslide hazard assessment. For example, Jia et al. (2019) collected the geohazards in Zhejiang province, China, from 2000 to 2016 and summarized the number of landslides and their damages, but the analysis of landslide characteristics was missing. Based on landslide monitoring during 72 h of rainfall before the landslide occurrence, Kim et al. (2021) determined an empirical threshold, but did not consider the event a result of rainfall on the shallow landslide.
In this study, Wenzhou City in eastern China was selected as the study area, and our main objectives included: (1) creating a rainfall-induced landslide inventory from 1999 to 2016, (2) analyzing the temporal and spatial distribution characteristics of these landslides, and (3) revealing other properties coinciding with landslide occurrence.
2 STUDY AREA
2.1 General settings
The study zone encompassed Wenzhou City (N 27°03′, E 119°37′∼N 28°36′, E 121°18′) in southeastern China, with a total area of 12,110 km2 (Figure 1). The area is part of the mountainous region in the Yangtze River valley belt in southern Zhejiang province. It is characterized by a landscape of mountains, hills, and coastal plains. The elevation in the region ranges from 120 to 1656 m above sea level (asl), and overall the northwest part is higher than the southeast part. Except for inter-mountain basins and river valleys, the major topographical feature in this area is the large elevation difference (topographic relief) (Zhang et al., 2014; Wang and Yin 2018). With respect to the geological setting, a total of four strata are observed including Late Yanshanian, Cretaceous, Jurassic, and Quaternary. Most of these geologic units have a sub-horizontal layering and several vertical sets of subunits. The most important difference among these strata is the lithology, with sedimentary rock, pyroclastic rock, and intrusive rock being the most common in the area. The Quaternary is represented by colluvial deposits, which cover the bedrock in the eastern part of the region.
[image: Figure 1]FIGURE 1 | Location of the study area where the base map is the DEM of the region with 30-m resolution and shows the distribution of administration areas.
Wenzhou City has a subtropical monsoon climate with a mean temperature ranging from 17.3°C to 19.4°C and an average annual rainfall of 1500 to 2000 mm. There is a clear temporal difference in rainfall pattern: the rainy season normally lasts from May to September, and the highest total precipitation occurs between June and August because of typhoons (Liu et al., 2010; Liu et al., 2011).
The resident population of the region is approximately 9.6 million and the settlements are mainly distributed in the eastern part. The banks of the Yangtze River are especially highly populated and urbanized.
2.2 Materials and data
A landslide inventory can reveal the spatial distribution of landslides in a visible form and store basic landslide information (Peng et al., 2019; Huang Y. et al., 2021), hence it is the foundation for the analysis of the development characteristics of regional landslides. In this study, archived landslide reports were provided by a local geo-environmental monitoring institution in which the coordinates of rainfall-induced landslides were recorded. Then Google Earth images were combined with landslide reports to generate a coarse landslide inventory. To check and update the accuracy of the locations of these landslides, a field survey and indoor cross-validation were conducted by the Geological Exploration Bureau of Zhejiang province in 2016. During the fieldwork, advanced equipment including drones, handheld global position system (GPS) devices, and infrared range finders were used to measure and record basic landslide information. Subsequently, all of the archived data from the fieldwork were compared with the images to determine the landslide initiation area. In the last step, the distribution of these landslides was digitized into a geographic information system (GIS) along with their properties, including the area, volume, temporal information, width, length, and damage caused.
The digital elevation model (DEM) data of the region was downloaded from the free Geospatial Data Cloud website (https://www.gscloud.cn/home). Some environmental factors can be generated from the DEM, such as slope and curvature, which can be used for the analysis of the conditioning factors of the landslides. The landslide inventory listed a total of 1450 landslides, which were associated with eight typhoon events (Figure 2), including the flood in 1999, typhoon Rananim in 2004, typhoon Talim in 2005, typhoon Fitow in 2013, typhoon Soudelor in 2015, typhoon Soudelor in 2015, typhoon Meranti in 2016, typhoon Megi in 2016, and typhoon Haima in 2016. According to widely accepted classification criteria (Varnes 1978; Hungr et al., 2014), these landslides can be divided into three types: (1) debris flow, which accounts for more than 80% of the landslides, (2) debris slide, and (3) earthflow related to top soil layers. Based on the inventory, the developmental characteristics of the rainfall-induced landslides were determined.
[image: Figure 2]FIGURE 2 | Distribution of landslides in the inventory of Wenzhou City. The base map is the slope map with 30-m resolution.
3 RESULTS
3.1 Temporal characteristics
The temporal characteristics of the landslides in the study area are mainly related to the temporal distribution of rainfall. Figure 3A, shows the distribution of the number of days with heavy rainfall events during the 42 years from 1972 to 2013. We defined heavy rainfall as daily precipitation >30 mm (Khan et al., 2012; Robbins 2016), which concurs with the criteria of the China Meteorological Administration. It is evident that the southwestern part has more heavy rainfall events than the northeastern part. If the monthly distribution is considered, it can be seen that most heavy rainfall events happen between June and October, which corresponds to the occurrence of high-density landslides during a short time that only occur from June to October (Figure 3B). Hence, summer and autumn are the times of the highest rainfall-induced landslide risks in the region, which can be explained as a result of the impact of the Asia monsoon. For example, the landslide episode triggered by typhoon Rananim in 2004 occurred during the period with the highest intensity (Figure 4). Similar results can also be observed from the landslide episodes triggered by other typhoon events. Hence, from the frequent occurrence of landslides on steep slopes it can be inferred that the study area responded quickly to high-intensity rainfall. The time interval between landslide occurrence and peak precipitation during the typhoon event was commonly from 30 to 60 minutes. This fits well with the field survey results: the Baofeng debris flow in Wencheng County occurred ∼10 min after typhoon Megi in 2016 and the Cangjiang landslide occurred only 5 min after typhoon Soudelor in August 2015. This association occurs because heavy rainfall can make the soil layer saturated for a short time (Kuradusenge et al., 2021), then the continuing rainfall generates large runoff that provides enough excitation energy to cause the movement of rock-soil masses.
[image: Figure 3]FIGURE 3 | Relationship between landslides and rainfall in the study area: (A) spatial distribution of the number of days with heavy rainfall events during 1972 and 2013 in Wenzhou City, and (B) relationship between the number of days with heavy rainfall and the number of landslide episodes in each month.
[image: Figure 4]FIGURE 4 | Cumulative rainfall and hourly rainfall intensity during typhoon Rananim in 2004. (A) Cumulative rainfall recorded by four different monitoring stations and (B) hourly rainfall in the Fuxi monitoring station.
3.2 Spatial characteristics
Overall, the landslide distribution of Wenzhou City is spatially heterogeneous. Rainfall-induced landslides are mainly distributed in the western part of the region, which includes the mountainous areas of Yueqing, Yongjia, Wencheng, Taishun, etc. On the contrary, the eastern part of the region, including Dongtou, Pingyang, and Cangnan, with lower elevation and gentle topography recorded few landslides. When we analyzed the distribution of landslides triggered by a single typhoon event is, we found that the landslide locations had a close relationship with the moving path of the typhoon. The area with the highest landslide density was commonly the region that had the heaviest rainfall or the greatest rainfall intensity. For example, typhoon Haima triggered 36 landslides in 2016, most of which were located in the area with the largest accumulated precipitation according to the rainfall isohyetal map. The relationship between landslide distribution and elevation was also analyzed, and the results showed that 4.84% of the landslides occurred in areas with elevations <100 m, where the topography is mainly eroded and denuded hills. In contrast, 13.41% of the landslides were located in areas with elevations between 100 and 400 m. Landslides at elevations of 400 to 700 m and 700 to 1000 m accounted for 34.59% and 43.38%, respectively, whereas only 3.78% of landslides are at elevations >1,000 m (Figure 5A). With regard to the elevation difference between the initiation area and the accumulation area, most landslides have elevation differences of <100 m, accounting for 43.94% of all landslides, whereas 21.31% of landslides have elevation differences of >200 m (Figure 5B). Geomorphology also had an impact on landslide occurrence. Statistical testing revealed that 56.61% of the landslides were significantly located near the top of a mountain or on flat areas of steep slopes. Concave curvature developed in 24.74% of the landslides, and the landslides below the cliff accounted for 18.65%. Hence, mountainous areas were the most important topography for rainfall-induced landslides in Wenzhou City.
[image: Figure 5]FIGURE 5 | Relationship between landslide distribution, elevation, and elevation difference. (A) Elevation of initiation area and (B) elevation difference between initiation and accumulation areas.
Due to the rainfall distribution affects on landslide occurrence, it is common in this region for landslide density to be especially high in certain areas. Table 1 reveals the density of landslide episodes triggered by different typhoon events between 1999 and 2016. It can be seen that although the period is quite long, most landslides occurred only for a few days, which meant that the overall stability conditions in the region were good in the absence of excessive precipitation. For example, typhoon Haima triggered more than 200 landslides, a high density of 6.4/km2, but only for a few hours. The number of landslides in that single event comprises more than 70% of the rainfall-triggered landslides in the region over the past 30 years. Moreover, because typhoon rainfall often shows a peak value in a small area, which is significantly higher than in other regions, landslides triggered by such an event are mostly distributed only in this small region (Dahal et al., 2009; Nolasco-Javier et al., 2015). Thus, typhoon Haima only caused slope failure in Ruian County because this region had the highest rainfall (Table 1).
TABLE 1 | Statistics on density and duration of typhoon-triggered landslides in the region.
[image: Table 1]3.3 Other characteristics during landslide occurrences
3.3.1 Small-scale landslides with severe damage
According to available data on volumes of rainfall-induced landslides, more than 80% of landslides in the region were characterized as small-scale in volume (less than 104 m3). The average duration of a landslide was 10 to 20 min and the mean width was between 5 and 10 m. The rainfall-induced landslide with the largest volume so far was the debris-flow event in Yongjia in September 1999, which had a volume of 2×105 m3 (Figure 6). However, rainfall-induced debris flows mostly occurred in the middle and upper parts of steep slopes. Under these conditions, there was considerable potential energy because of the large height difference between the initiation area and the bottom of the channel. The debris-flow moved downwards rapidly from the high initiation site under the action of potential energy and mixed with a large amount of rock, soil, and vegetation to form a heavy debris flow in the channel, destroying vegetation, buildings, and other structures along the way. Because of the large amount of precipitation, the run-out distance and velocity in the channel may also be large, which poses a dangerous hazard to residents and properties. For example, on 1 September 2005, under the influence of typhoon Talim, a debris flow with an area of ∼3000 m3 occurred in Shimen Village of Wencheng County, which caused five deaths, two injuries, and damaged seven houses. The total direct economic loss caused by this damage exceeded one million RMB. The total run-out distance of this debris flow was approximately 1 km, during which the maximum velocity reached ∼3 m/s.
[image: Figure 6]FIGURE 6 | Debris flow occurrence in September 1999 in Yongjia of Wenzhou.
3.3.2 Disaster chain reactions
According to filed surveys and detailed landslide reports provided by local authorities, we found that the geohazards in the study area showed obvious disaster chain reactions, which means that landslides generally occur together with other kinds of disasters. For example, extreme rainfall causes flooding as well as landslides. The slope instability provides material sources, which can trigger debris flow in the channel by combining with floodwaters. A typical disaster chain triggered by heavy rainfall in the study area mainly included three types: (1) debris flow in the channel due to landslide initiation, (2) Earth flow along the slope surface caused by slope instability (Figure 7A), and (3) a debris flow that slides into a river causing a tsunami and landslide dam (Figure 7B).
[image: Figure 7]FIGURE 7 | Two types of disaster chain in the study area. (A) Earth flow on the slope surface from slope instability and (B) landslide dam caused by debris flow into a river.
4 DISCUSSION
In this study, a detailed typhoon rainfall-triggered landslide inventory was obtained by manual visual interpretation of remote-sensing images and fieldwork. Seven typical typhoon events in the past 17 years have caused serious landslide disasters. The temporo-spatial landslide inventory characteristics indicated that the prevalence of typhoon rainfall-triggered landslides in the area was highly consistent with the distribution of rainfall intensity, and events were clustered in hilly areas. The spatial characteristics of the topography were strongly correlated with the probability that a landslide would occur. The hilly area in the western part of the study area proved to be a hotspot for the occurrence of rainfall landslides. It can be seen in Figure 2 that the landslides were mainly concentrated in the western mountainous part of the study area, while almost no landslides occurred in the flat terrain along the eastern coast even though it experienced the same typhoon events. In addition, sloping terrain facilitated the convergence of rainfall, making landslides more likely.
An interesting phenomenon during typhoon rainfall is the short lag time of typhoon rainfall-triggered landslides. According to the research of Naidu et al. (2018) and Medina et al. (2021), the antecedent rainfall has a great influence on the stability of shallow landslides. Through many field tests and numerical simulations, it was shown that this hydrological effect could greatly decrease soil pore pressure and effective stresses (Rahardjo et al., 2008; Rahimi et al., 2011). Because of the Asian monsoon climate, the typhoon-prone season in the study area coincided with the local rainy season to a large extent. This meant that the study area experienced heavy rainfall before the onset of typhoon rainfall. The infiltration of a large amount of rainfall greatly replenishes the groundwater, and the soil moisture content was relatively high during this period (Wang et al., 2017; Yin et al., 2022). Therefore, a large rainfall event caused the slip surface to saturate in a relatively short period of time (Xu et al., 2016), and the slope may fail in the short-term under typhoon-related heavy rains.
Due to the limitations of landslide inventory production, it is difficult to determine the specific time that a landslide occurred. Further analysis based on a process-based approach to establish a reliable and robust relationship between hourly rainfall intensity and duration and the occurrence of landslides has been limited (Gabet et al., 2004). Considering the difficulty of obtaining detailed rainfall data on a regional scale, the resolution of rainfall data in this study was days. But, more detailed rainfall data with higher resolution such as hourly rainfall data would be more helpful for analyzing the occurrence of rainfall-induced landslides (Kirschbaum et al., 2009). Hence, considering the application of remote sensing rainfall instruments with various multitemporal and spatial resolutions in the future has excellent prospects for identifying rainfall-induced landslide characteristics (Kocaman et al., 2020; Tseng et al., 2020).
5 CONCLUSION
Rainfall-triggered landslides are the most important geohazard in the Zhejiang province of China. This study generated a landslide inventory that revealed for the first time the landslides triggered by typhoon rainfall events between 1999 and 2016 in Wenzhou City of Zhejiang province. Among the total 1450 landslides, more than 80% were debris flows. The landslide distribution was spatially heterogeneous with most landslides occurring in the western part of the region, which has a higher elevation than the eastern part. Landslides located in the area with elevations ranging from 400 to 1000 m comprised 77.97% of the total, and more than 55% of landslides occurred at elevation differences larger than 100 m. More than 70% of landslides occurred during the period from July to September due to the rainy season related to the Asia monsoon. Although the majority of landslides had small volumes in the range of hundreds of cubic meters, the damage caused may be greater because of large elevation differences and long run-out distances. Because precipitation during a typhoon is commonly extreme, the initiation area of most landslides coincided with the region of highest hourly precipitation along the typhoon’s path. Moreover, the disaster chain effect is another characteristic of landslides in Wenzhou City, where landslides commonly occurred together with other disasters resulting in greater harm to residents and damage to property. Our results contribute to the understanding of the mechanisms of regional rainfall-induced landslides and also can provide references and guidelines for developing early warnings for imminent landslide potential and risk reduction in similar contexts.
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