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ABSTRACT 

Post-seismic debris flows are one of the most destructive post-earthquake secondary hazards. The 

threats posed by them can last decades. One of the most effective methods of risk mitigation is 

debris flow early warning. Physically-based models are widely used to reproduce historical debris 

flows, and they performed excellently. It is believed that the physically-based models are capable 

of high feasibility on debris flow prediction. And the transferability of such models in space and 

time has been widely assumed that specific calibration is required specific calibration in general. To 

investigate the predictive capacity of physically-based models, an integrated debris flow physically-

based model (OpenLISEM Hazard) was applied to the earthquake-stricken area in Wenchuan, 

China. In order to evaluate the spatial transferability, the model was calibrated for three catchments 

separately based on debris flow inventory. After that, cross-validations of calibrated models were 

operated between the three watersheds. Results show that the model performed well in simulating 

occurrence and scale of debris flows, the prediction of the precise arrival time of debris flow is a 

bit problematic. Cohen’s kappa of spatial transferability regarding accuracy volume and time are 

0.02 and 0.38 separately. The volume accuracy is affected by the transferred calibrated parameters 

in space, while the prediction of the exact arrival time is impacted less. Besides, the sensitivity of 

parameters is not only model-specific but also catchment-specific. To evaluate the temporal 

transferability, four variables that change over time were considered, and the calibrated models 

were run with different rainfall events from 2010 to 2013. The temporal transferability was 

investigated from three aspects. Two aspects are to test whether the model underpredicts the 

occurrence of debris flows and whether the calibrated models can produce the exact arrival time 

of debris flows over time. For these purposes, the calibrated models were run with the rainfalls that 

triggered debris flows. The results state that the model does not have the problem of low prediction 

of occurrence. However, in two watersheds, the arrival times were given at similar model-running 

times every year. Another aspect is to investigate whether the model overpredicts the occurrence 

of debris flows. In this case, the calibrated models were run with the rainfalls that did not trigger 

debris flows. The results show that the model is a little overproduce processes of debris flows. This 

study, therefore, suggests that the calibrated parameters of OpenLISEM Hazard can be spatially and 

temporally transferred between similar catchments and within at least five years in the earthquake-

stricken area to predict the scale and occurrence of debris flows. The predictive capacity of the 

exact time is required to be improved. The integrated physically-based model is worth being 

expected to be applied for early warning in the broad region over time.  

Keywords: physically-based model; transferability; predictive capacity; post-seismic debris flow; 

earthquake-stricken area 
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1. INTRODUCTION 

1.1. Background 

Major endogenic hazardous events such as earthquakes pose threats to life, health, economy, and 

environment, leading to direct and indirect loss (UNDRR, 2019). The impact of the disaster event 

can last for decades, particularly when it alters the conditions of the landscape and increases the 

likelihood of other hazardous processes (Cui et al., 2011; Xu et al., 2014; Fan et al.,2018). In a 

mountainous earthquake-stricken region, post-seismic debris flow is a common secondary hazard. 

A severe quake alters the susceptibility to debris flows due to its impact on the vegetation, soil 

properties, and availability of loose materials (Cui et al., 2011; Fan et al.,2018). Climate factors, such 

as extreme rainstorm and rapid snowmelt, are primary triggers for post-seismic debris flows 

occurrence (Wieczorek & Glade, 2005). It is commonly observed that the governing factors and 

critical rainfall thresholds change over time until a new equilibrium in the geo-environment is 

established (Shieh et al., 2009; Guo et al., 2016; Zhang & Zhang, 2017; Fan et al., 2018;  Tang 

2019). Thus, the extent and frequency of post-seismic debris flows are changing with time. 

Enhanced risk management efforts are required in earthquake-stricken areas by reducing the 

adverse impacts of these frequent post-seismic debris flows on humans and the economy. Early 

warning plays an important role in debris flow risk reduction. It provides timely and valid 

information to allow people to take action in advance to avoid or mitigate the risk and make 

effective decisions (ISDR, 2004). Early warning can be implemented through real-time monitoring, 

empirical-, and physically-based models (Capparelli & Versace, 2011).  

 

Real-time monitoring systems can be applied to either observe or detect the occurrence of debris 

flows directly. For instance, human observation, video cameras, acoustic flow sensors, laser 

measurements, and destructive methods (chains, bars, etc. that are hit by moving debris) have been 

utilized for real-time monitoring. Although these methods can provide direct and unequivocal 

information on processes of debris flows, enough observation points, and appropriate locations 

for the equipment are required, which is not feasible in inaccessible areas. Besides, these methods 

are easily affected by visibility and unexpected events. More importantly, the lead time is relatively 

short. Immediate action should be taken, and the system needs to be linked with a good disaster 

preparedness campaign. Also, it is only effective if events happened with a certain frequency. If 

nothing has happened for years is not likely that these systems keep functioning properly. Although 

these methods are the most direct, they are costly and labor-intensive and required substantial 

maintenance, which limits the widespread application in the early warning (Lahusen, 2005). 

 

The empirical method mostly relies on the comparison between accumulative real-time or predicted 

rainfall and rainfall threshold for debris flow occurrence, which are derived from statistical analysis 

of historical precipitation and debris flow occurrence records at a regional scale (Alfieri et al., 2012). 

Often the same threshold applies for a large area, and the simplified assumptions which may be 

different for specific watershed limit this accuracy of this method (Capparelli & Versace, 2011). 
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Critical rainfall thresholds vary substantially in space (Hong & Adler, 2007). Hence, this method is 

suited for national and regional levels as a simple alternative for in situ monitoring (Alfieri et al., 

2012). Another relevant limitation is that this method ignores the distinctions between different 

rainfall patterns (Capparelli & Versace, 2011). These different rainfall patterns initiate debris flows 

through different triggering conditions. It is generally believed that an intense but short-duration 

storm, can cause erosion of loose material due to high surface runoff with insufficient infiltration 

(Iverson, 2000; Zhou et al., 2014). Conversely, low-intensity rainstorms lasting few days may build 

a perched groundwater level (Iverson, 2000; Zhou et al., 2014), which can result in soil saturation 

and a sharp rise in pore-water pressure resulting in slope failures (Iverson, 2000; Zhou et al., 2014). 

Thus, It may not be possible to ensure the accuracy of early warning based on statistics-based 

rainfall thresholds for every event (Zhang et al., 2014). Besides, It has been observed that rainfall 

thresholds after an earthquake first decrease sharply, then gradually increase to pre-earthquake level 

due to so-called “landscape healing” processes (Shieh et al., 2009; Guo et al., 2016; Zhang & Zhang, 

2017). While the rainfall threshold method assumes that the conditions that have induced previous 

debris flows will work so in the future (Westen, 2004; Chae et al., 2017), these rainfall thresholds 

may be invalid for new post-seismic debris flow. This method is not flexible and accurate enough 

for post-seismic debris flow early warning over time. 

 

Physically-based models aim at reproducing the physical debris flow processes and can be used for 

early warning, but they require detailed information on terrain data, soil properties (soil cohesion, 

internal friction angle, soil depth, hydrological parameters), land use, etc. (Guimarães et al., 2003). 

Based on the simulated hydrological and erosion processes, physically-based models can mimic the 

initiation of debris flows. Applying physically-based models for early warning is a relatively 

objective, flexible, low-cost, and efficient approach at either the watershed or the regional scale 

(Alfieri et al., 2012; Raia et al., 2014; Salvatici et al., 2018; Naidu et al., 2018). However, debris flows 

are extreme events that occur within a short time but are influenced by long-term processes, which 

are complicated and interacting. The complexities surrounding the dynamics of debris flows and 

the varying geological characteristics, hydraulic regime, and pluviometric factors are difficult to 

quantify (Franzi & Bianco, 2001), and the limited theoretical understanding of debris flow give 

difficulties in the simulation of debris flow. Besides, the insufficient understanding of the spatial 

variability of input parameters limits the application scale of the models (Tofani et al., 2017). They 

may behave differently for debris flow simulation in different catchments due to changes of 

initiation mechanisms and controlling factors. In terms of post-seismic debris flows, the critical 

triggering conditions change with the recovery of governing factors over time. Substantial volumes 

of loose deposits on the hillslopes were transported to the channels due to erosion and mass 

movements. Hence, channel bed erosion and entrainment increasingly dominated the initiation of 

debris flows rather than the failure of shallow landslides (Zhang & Zhang, 2017). Besides, grain 

coarsening plays a vital role in the reduction of post-seismic debris flows activity as it increased the 

hydraulic conductivity and resistance to bed erosion (Hu et al., 2017; Zhang & Zhang, 2017; 

Domènech et al., 2019). Revegetation increases root cohesion, thereby decreases erosion rate and 

runoff while increasing infiltration capacity (Hales, 2018). Hence, the application of physically-

based models has uncertainties over time because some original cases have changed. Event- and 

site- specific calibration is required for debris flow simulation. However, physically-based models 

can be used to support quantitative projections of some controlling factors over time (Salciarini et 
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al., 2019). Besides, the spatial variability of parameters is uncertain in similar catchments. Therefore, 

the model applicability for early warning should be verified by application in other similar 

watersheds and a more extended period of applications in the same watershed. And evaluating the 

factors that affect the spatial-temporal transferability would promote the physically based models 

to become more applicable for early warning. 

 

OpenLISEM Hazard is an integrated physically-based model, including the hydrological phase, slope 

phase, and sediment phase (Bout et al., 2018a). This model has been applied for debris flow 

simulation in different regions, even in the earthquake-stricken area, and performed with good 

accuracy (Bout et al., 2018a; Bout et al., 2018b; Bout et al., n.d.).  

 

This research aims to implement a quantitative analysis of: 

(1) the transferability of the physically-based model OpenLISEM Hazard in similar watersheds  

(2) the transferability of the physically-based model in one watershed over time.  

  

1.2. Research objectives and research questions 

1.2.1. General objective 

To analyze the temporal and spatial transferability of the physically-based debris flow model 

OpenLISEM Hazard for post-earthquake debris flow Early Warning in the epicenter of the 2008 

Wenchuan earthquake in Sichuan province, China. 

1.2.2. Sub-objectives and research questions 

Sub-objective 1: To analyze the similarity of debris flow watersheds in terms of controlling factors 

and debris flow characteristics.  

 

Associated research questions: 

- What are the criteria for watershed selection (e.g., a large number of co-seismic landslides 

happened, post-seismic debris flows frequently occurred within a number of years)? 

- How to measure the degree of similarity between watersheds, e.g., a procedure?  

- What are the debris flow characteristics that can be used for analysis transferability? 

Sub-objective 2: To determine the spatial transferability of the physically-based model. 

 

Associated research questions: 

- With what accuracy can we predict debris flow occurrence times, debris flow volumes, and 

runout, with a model that is calibrated in another similar watershed? 

- To which parameter is the model most sensitive and how do the parameter changes affect 

the early warning indicators of debris flow (warning time, volume, and runout).  

- What is the best way to represent the transferability success (e.g., Cohens Kappa)? 

- What are the limitations and uncertainties that affect spatial transferability?  

 

Sub-objectives 3: To determine the temporal transferability of the physically-based model. 
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Associated research questions: 

- With what accuracy can we predict debris flow occurrence times, with a model that is 

calibrated in another rainfall scenario in the same catchment?  

- Which of the possible changes that occur over time in a watershed affected by previous 

debris flows? 

- What are the limitations and uncertainties that affect temporal transferability? 

1.3. The organization of the thesis and workflow 

This thesis consists of six chapters: 

 

This first chapter describes the research background, research objectives, and research questions. 

The second chapter reviews the methods used for debris flow detection and application of rainfall 

thresholds and physically-based models on debris flow analysis. Chapter three introduces the study 

area and the selected watersheds with information on the climate, geology, lithology, mass 

movement hazard history, and human engineering activities. Chapter four introduces OpenLISEM 

Hazard in detail and explains the input data for model running and the model parameters set up of 

the three catchments. It also contains the methods used for parameter sensitivity analysis and 

calibration. This fifth chapter assesses the results of parameter sensitivity, calibration, spatial 

transferability, and temporal transferability. The last chapter presents the main limitations of this 

study, as well as significant findings and recommendations in this study. 
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2. METHODS USED FOR DEBRIS FLOW EARLY 

WARNING, A LITERATURE REVIEW 

This chapter focus on the methods used for debris flow early warning. First, various monitoring 

methods, such as visual observation, camera, and multiple sensors, will be listed. After that, 

methods used for early warning such as rainfall threshold, physically-based modeling will be 

introduced. 

2.1. Methods for the detection of debris flow 

It is essential to monitor debris flows for event warnings and the validation of the modeling 

(Itakura, Inaba, & Sawada, 2005). Many methods have been applied for the detection of debris 

flows. Direct visual observation and video cameras are the most straightforward methods to 

monitor debris flow torrents. The visual observation method requires that observers continuously 

observe the collapse condition on slopes and the surface runoff in the channels when intense-

prolonged rainfall occurs in the upstream area (Zhou et al., 2004). The warning highly relies on the 

observer’s judgment and the length of the period needed for observation. Video cameras act as 

fixed eyes used for recording debris flow and estimating the flow velocity later. They are limited by 

the low visibility during some rainfall, fog, and night conditions, they only observe from a fixed 

position, and they only can deliver a warning after the movement of material is detected either 

visually or automatically through change detection tools (Lahusen, 2005). Pendulums and 

photocells are also simple debris flow detectors (Massimo Arattano & Marchi, 2008). Except for 

the above, more monitoring methods and devices have been developed: for example, laser scanning 

monitors debris flows by surface change detection (Schürch et al., 2011). Ground vibration sensors, 

such as seismometer, or acoustic flow sensors can be used for detection and discharge estimation 

(e.g., Zhang, 1993; Arattano, 1999; Itakura, Fujii, & Sawada, 2000). The combination of infrasonic 

and seismic sensors can be used for event warning (Schimmel & Hübl, 2015). Ultrasonic range 

finders sense the changes of flow stage to detect debris flow (Arattano & Marchi, 2008). Radar 

similarly estimates the possibility of debris flow occurrence through monitoring the change of 

underground water content (Jin & Xu, 2011). The use of wire sensors, pressure sensors, and 

imagery-based methods allow short response time for evacuation after the debris flow observation 

(Cho et al., 2008). Some of these devices are contact detectors that need restoration after activation. 

Besides, the risk of false alarms exists because of bad weather, e.g., heavy rainfall, fog, snow, 

darkness, and accidental circumstances, the passage of trains and birds, falling trees, background 

noise and many other cases (LaHusen, 2005; Massimo Arattano & Marchi, 2008). Based on a review 

of Itakura et al. (2005), Table 2-1 summarizes the devices and methods employed for debris flow 

detection, which are distinguished by their function and performance. The explanation of the 

symbols and proxies in the table are as follows: ○: “useful”, has been applied to the field monitoring; 

◊:  “possible”, signifies that is only useful in the laboratory only so far;  ─: “to be investigated”; ×: 

“impossible”; C means the devices need to contact the flow while NC means non-contact; 

limitation1 means the methods or tools are useless in bad weathers; limitation2 means the devices 

can be affected by various accidental circumstances. 
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These are direct methods for debris flow monitoring without processes of data collection and 

complex evaluation. They are the first selections in the areas with scarcity data and urgent hazard-

prone areas.  However, some of the methods are costly as they require regular maintenances and 

reinstallation after the debris flows. Some of them suffer from many false positives due to the 

impacts of visibility and external interferences. And the warning is given after the sediments already 

moved, so the reaction time to take action that depends on the location of these devices is short, 

or there is no time to respond in advance. 

 

Table 2-1. Monitoring devices and methods function, performance, and operation 

Devices and 

methods 

Function  Performance  Operation 

observation early 

warning 

 C or NC Limitation 1 Limitation 2 

Man 

observation 

○ ○  / Yes Yes Human visual observation  

 

Video 

camera 

○ ○  C & 

NC 

Yes Yes Change detection algorithm, 

Vision detection,  

Recognition of debris flow 

Pendulums × ◊  C No Yes Detection from the tilting of 

the pendulum 

Photocell 

(infrared 

photobeam

s etc.) 

       

× ○  NC No Yes Detector for debris-flow 

passage 

       

Laser 

scanning 

× ◊  NC Yes Yes Surface change detection 

 

Radar 

      Flow stage detection 

Measurement of fine 

movement 

─ ◊  NC No Yes 

Ultrasonic 

sensor 

× ○  NC No Yes Measurement of the flow stage  

Ground 

vibration 

(e.g., 

seismomete

rs, moving-

coil 

geophones, 

etc.) 

       

× ◊  NC No Yes Ground vibration detection 

through seismic waves 

       

Infrasonic 

sensor 

× ○  NC Yes Yes Seismic signals detection  

Wire sensor × ○  C No Yes Detection from wire breaking 

Pressure 

sensor 

× ◊  C No Yes  Measurement of forces  

○: useful, ◊: possible, ─: to be investigated, ×: impossible 

C: contact, NC: non-contact 

Limitation1: limited by bad weather, Limitation2: affected by accidental circumstances 
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2.2. Methods based on rainfall thresholds 

Debris flows are highly correlated with the rainfall intensity, rainfall duration, and rainfall amount. 

Rainfall patterns affect the debris flow both in terms of their occurrence as well as their 

development (Zhou et al., 2014; Pan et al., 2018). Abundant observational data proved that the 

initial time of debris flow is closely related to the rainfall pattern, and both of intensive rainfall and 

prolonged antecedent rainfall can initiate debris flows (Rianna, Pagano, & Urciuoli, 2014). Roughly 

the rainfall patterns can be classified into two types, the flat pattern and the peak pattern (Pan et 

al., 2013). The former one is characterized by slight variations in rainfall intensity and no peak in 

the duration-hourly rainfall graph, and the latter one shows a prominent peak and peaks might 

appear more than once (Pan et al., 2013). Rainfall thresholds are minimum rainfall conditions at 

which debris flows are likely triggered (Guzzetti et al., 2008). The well-calibrated rainfall threshold 

supported by sufficient historical data is one of the most common implementations for debris flow 

early warning. However, in many hazard-prone watersheds, limited data on rainfall and debris flow 

occurrences can be obtained to extract reliable critical thresholds (Zhou et al., 2004; Pan et al., 

2018). Rainfall thresholds also can be physically determined, for example, using process-based 

thresholds and conceptual thresholds (Segoni, Piciullo, & Gariano, 2018). Either for improving the 

accuracy or compensating the shortcomings of the database, multiple methods have been applied 

for threshold analysis, such as various statistical analysis methods, grey forecast, related models, 

and neural networks (Zhou et al., 2004). Roughly, rainfall thresholds can be classified into three 

categories: (1) intensity-duration (I-D) thresholds, (2) thresholds considering antecedent rainfall, (3) 

hydro-meteorological thresholds.  

 

The rainfall intensity-duration (I-D) threshold curve is objectively extracted based on the rainfall 

data from multiple rainfall events using statistical approaches. In 1980, Caine firstly proposed a 

global rainfall intensity-duration equation based on an extensive database. This database is 

comprised of 73 rainfall events that had triggered debris flows in different climatic regions. And 

this relationship is best defined during the rainfall duration from 10 minutes to 10 days (Caine, 

1980). After this landmark work, information on the intensity and duration conditions of successful 

triggering rainfalls was collected worldwide. All kinds of I-D thresholds were concluded in different 

scales (e.g., Guzzetti et al., 2007; Guo et al., 2016). Based on Caine’s achievement, Guzzetti et al. 

(2008) normalized the rainfall dataset to deal with the impacts on slope failures from the variations 

of rainfall characteristics in different climatic zones. After the update, the threshold from the new 

relationship is lower obviously, and whose applicable duration was extended to 35 days (Guzzetti 

et al., 2008).  

 

  𝐼 = 14.82 ∗ 𝐷−0.39 (0.167 < 𝐷 < 500)  2.1 

 

In some areas, debris flows are initiated not only by intense rainfall but also by long-duration and 

low-intensity rain. In this case, antecedent rainfall plays a vital role in debris flow occurrence (Guo, 

Cui, & Li, 2013). Effective antecedent rainfall mainly triggers debris flows in the place where the 

hydraulic conductivity of soil is low (Pan et al., 2018). The I-D relationship neglects the influences 

of antecedent rainfall. It is hard to quantify the impacts of antecedent rainfall on debris flow as it 

mainly works on the soil heterogeneity (Guo et al., 2013). For critical thresholds estimation 



ANALYZING THE PREDICTIVE CAPACITY OF A PHYSICALLY-BASED DEBRIS FLOW MODEL. A CASE STIDY FOR DEBRIS FLOW IN THE POST-2008 WENCHUAN EARTHQUAKE AREA 

 

 

8 

considering antecedent rainfall, what usually is done is to calculate the daily antecedent rainfall by 

a weighted sum equation (Glade, Crozier, & Smith, 2000). The rainfall factors affecting debris flows 

can be grouped with three elements, (1) indirect antecedent precipitation, which rise water content 

in the soil; (2) triggering rainfall, it is the factor that triggered the debris flow; (3) direct antecedent 

rainfall, which reduces the critical conditions through saturating soil (Guo et al., 2013). The basic 

idea of threshold analysis considering antecedent rainfall is to integrate the three factors with I-D 

relationships relying on historical debris flow events and rainfall events (e.g., Glade et al., 2000; 

Guo et al., 2013; Mathew et al., 2014). Based on the relationship, the critical threshold is built 

statistically for early warning.   

 

The reliability of empirically derived rainfall thresholds is limited by the insufficient understanding 

of physical process. The hydro-meteorological threshold that is based on soil water calculations is 

better than the empirical rainfall thresholds. The estimation of the I-D threshold links with soil 

hydraulic properties, different conditions of initial moisture, and catchment water balance (Bogaard 

& Greco, 2018). However, this kind of rainfall thresholds functions counterintuitively in the long 

timescale of rainfall. The I-D curves tend to be flat, which indicates the sensitivity of initiation 

thresholds to rainfall intensity becomes lower in the cases of long-duration rainfall (Bogaard & 

Greco, 2018).  

 

Rainfall thresholds are or have been implemented for warning systems globally (e.g., Keeefr et al., 

1987; Aleotti, 2004; Godt, Baum, & Chleborad, 2006). The advantages of the methods of rainfall 

threshold are that they can be simply defined by rainfall, soil moisture, and hydrological conditions, 

and it can be applied to various scales according to the geographic extent of the dataset (Guzzetti 

et al., 2008). The rainfall thresholds curves can be established correctly with a 0- to 3- hour lead 

time (Hsu et al., 2018). Nevertheless, the application of some rainfall thresholds is limited by false 

alarms and data requirements. The rainfall thresholds need to work with other measures to ensure 

the occurrence of debris flow further. Hence, the conclusions obtained from the comparison only 

indicate the possibility of occurrence of debris flows rather than lead to an evacuation. Segoni, 

Piciullo, and Gariano (2018) recommended that a standardized procedure should be established, 

and rapid and periodic updating of critical thresholds should be carried out to assure the method 

is objective and repeatable if rainfall thresholds are employed for early warning widely. 

2.3. Methods based on physically-based modeling 

Classification of methods 

Essentially, physically-based models follow two fundamental laws, conservation of mass and 

conservation of momentum. Physically-based models can be applied for simulation of hydrology, 

entrainment, and debris flow initiation. Some models are designed for a particular process of debris 

flow like final deposits simulation and runout distance simulation. The integrated type can simulate 

the multiple processes of debris flow contains hydrological process, slope failure, erosion process, 

and runout and must implement interactions between these processes. The r.avaflow and 

TopFlowDF are GIS-based tools for runout simulation (Mergili et al., 2017; Han et al., 2016). 

RAMMS is a model developed for runout distance simulation based on depth-averaged equations 

of motion (Christen et al., 2012). FLO-2D is a two-dimensional finite model for runout distance 
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simulation (O’Brien, Julien, & Fullerton, 1993). Comparing with FLO-2D, Debris-2D is better for 

simulation of granular debris flows (Wu, Liu, & Chen, 2013). MassMov2D is also a 2-dimensional 

model to simulate debris flow deposits based on depth-averaged motion equations in complex 

terrain (Beguería et al., 2009). Similarly, FLATModel is an adaptable two-dimensional approximate 

shallow-water code using the finite volume method (FVM) for simulation. This model can be 

applied for basal entrainment simulation, final volume estimation, movement process for aims to 

analyze flow dynamics, and accumulation mechanisms (Medina, Hürlimann, & Bateman, 2008). 

EDDA1.0 and EDDA2.0 are two versions of the software. Differently, EDDA1.0 is a quasi-three-

dimensional integrated model that includes simulation of erosion, deposition like volume, runout 

distance, and inundate area, as well as changes of material characteristics (Chen & Zhang, 2015). 

What is different from EDDA1.0 is that the second version considers two initiation mechanisms 

dynamically (Shen et al., 2018). OpenLISEM Hazard is an integrated multi-hazard simulation 

physically-based model (Bout et al., 2018a). Three main components are contained in this model, 

hydrological cycle, slope stability, and failure, and sediment processes, this model has been run 

different countries and regions and obtained excellent results. 

 

Table 2-2. Methods used for debris flow analysis 

Type  Examples of available regional models Application 

 

 

2-D 

Dynamic 

model  

r.avaflow (Mergili et al, 2017), 

RAMMS (Christen et al, 2010), 

Flo-2D (O’Brien et al., 1993), 

Debris-2D (Wu et al., 2013), 

TopFlowDF  (Han et al, 2016) 

 

 

Runout 

FLATModel (Medina et al., 2008), 

MassMov2D (Beguería et al, 2009), 

Final deposit 

OpenLISEM Hazard (Bout et al., 2018a) Integrated 

quasi 3-D EDDA 1.0 (Chen & Zhang, 2015) Integrated 

 

Parameterization 

Parameterization is vital to represent the soil properties and underground situation in the use of 

physically-based models. The parameters for debris flow models can be grouped into main 

categories as follows, (1) topographic factors (such as slope and catchment area, local drain 

direction, roughness, outlet point), (2) soil properties (such as friction angle, soil cohesion, root 

cohesion), (3) hydrological parameters (water content, porosity, hydraulic conductivity), (3) surface 

factors ( vegetation cover, surface roughness), soil depth and rainfall (Guimarães et al., 2003; 

Arnone et al., 2016). The topographic parameters are generally required in physically-based models, 

and their reliability relies on the quality and resolution of elevation data (Guimarães et al., 2003). 
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Soil properties are important for the slope stability module in debris flow models, and they either 

can be applied following exact spatial distribution when data is available or as averaged values 

obtained in field surveys generalize across the entire study area (Guimarães et al., 2003). The 

hydrological processes drive the debris flow processes through rainfall duration, rainfall intensity, 

and antecedent rainfall, in interaction with the hydrological soil properties (infiltration, saturated 

hydraulic conductivity) and land cover (evapotranspiration, surface roughness) (Guimarães et al., 

2003). Soil thickness has a large impact on the accuracy of modeling results, and the spatial 

information of soil thickness is often limited and hard to measure (Melchiorre & Frattini, 2012; 

Bout et al., 2018a). Thus, spatial soil thickness is often estimated through statistical correlation 

(Kuriakose, Beek, & Westen, 2009) or using a physical model (Saulnier, Beven, & Obled, 1997).  

 

Table 2-3. General parameters for physically-based model running 

 Parameters  Method to obtain 

 

Topography related  

Gradient  

 

Elevation data 

Drain direction 

Outlet 

Output locations  

Rainfall related  Hourly rainfall Rain gauges, rainfall products 

 

 

Surface related  

Surface roughness Field measurement, Literature value 

Manning’S N Field measurement, Literature value 

Landuse Satellite imagery 

Vegetation cover NDVI 

Vegetation height Field measurement, literature value 

LAI NDVI 

 

Erosion related  

Soil cohesion Field measurement 

Root cohesion Field measurement, derived from 

vegetation cover 

Median grain diameter Field measurement 

 

Slope stability related  

Soil density  Field measurement 

Internal friction angle Field measurement, experiment 

Grain size for debris flow material  Field measurement 

 

 

Infiltration related 

Saturated conductivity  

Field measurement 

Derived from open-source soil maps  

in hydrological software 

Wetting point 

Porosity 

Initial moisture content 

Soil depth Elevation data 

National database of soil depth  

Note: Green: general required; blue: hydrology process required; tan: sediment process required 

 

Parameter sensitivity 

Parameter sensitivity analysis is a necessary process to determine the rate of changes in model 

outputs that affected by the changes in model inputs (Huang et al., 2020). The purpose of parameter 

sensitivity analysis is to indicate the key parameters and parameter precisions to speed the 

calibration process (Ma & Li, 2017). Evaluating parameter sensitivity is useful for systematic 
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parameter optimization strategies. The sensitivity is variable for the different model parameters in 

different models. For example, some model is most sensitive to the thickness of soil layer (e.g., 

Huang et al., 2020), some model is very sensitive to friction angle and soil cohesion (e.g., Guimarães 

et al., 2003; Kuriakose et al., 2009). Besides, some parameters may affect the modeled results 

mutually. For example, saturated hydraulic conductivity, Mannings’N, and root cohesion increase 

with the rise of vegetation cover (Sankar et al., 2006; Shen et al., 2017). So, when the values of 

vegetation cover change during parameter sensitivity analysis, the values of the mentioned factors 

should change as well. There are a lot of methods can be used for parameter sensitivity analysis, 

such as one-parameter-at-a-time method is adopted for parameter sensitivity analysis based on 

discrete values (Zieher et al., 2017), State-Dependent parameter method (SDP) (Young, McCabe, 

& Chotai, 2002), and perturbation analysis method (Chen, Liang, & Chen, 2011). 

 

Model calibration 

Calibration is a common task in modeling to fine-tune the parameters systematically to optimize 

the modeled results. The calibration is performed for specific purposes, which is supported by 

certain information that is collected and measured in the field, such as time of debris flow 

occurrence, the discharge, variation in groundwater level, soil water fluctuations, volume, etc. In 

case of debris flows. The collection of certain observed conditions is a difficult issue. Discharge 

data is unavailable for debris flow (Franzi & Bianco, 2001). The time of occurrence is often not 

accurate without video evidence. And there were also no piezometers or tensiometers that would 

provide soil water data. The calibration of volume and runout was based on the final sediments at 

the outlet area (Bout et al., n.d.). The actual volume can be estimated to make a calibration, while 

the runout distance and the amount of material deposited in the channels only can be calibrated 

visually with imageries. It is because there are no measurements done for these two aspects, and 

the human activity would eliminate the actual runout distance immediately after the hazards. By 

contrast, the calibration of occurrence time is based on the eyewitness. Normally, multiple runs are 

required for this work, and some tools can be used for automatic calibration, such as PEST 

calibration. Besides, the calibration process based on actual events would likely result in equifinality 

that the similar modeled outputs can be obtained from multiple compositions of parameters (He 

et al., 2017). In this case, it is difficult to analyze which combinations most fit with the reality, and 

not to take combinations of parameters where the values out of the normally measured range. And 

the different combination of parameters would likely result in different outputs either in other 

watershed or other events, equifinality may affect the accuracy of validation of the calibrated model.  

 

Model validation 

The purpose of validation is to test the reliability of models, by comparing the model prediction 

with an actual occurring event, preferably different than the one used in the model calibration 

(Schilirò et al., 2016). The validation can be performed with a back analysis of happened events 

either in one catchment or in different watersheds. In the case of debris flows, giving correct 

warning of occurrence is important and even more so to give the exact debris flows arrival time in 

the outlet of the watershed. Underprediction might result in casualties because of untimely 

emergency actions. Overprediction may result in less reliability and ultimately that the threatened 

communities do not take the warning seriously. The purpose of validation with actual events is to 
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test whether models are good enough to give warnings, and how accurate the tested models can 

predict the time of arrival of the debris flow. By contrast, the validation with rainfall events that 

did not result in debris flows is to check whether the models do not overpredict. These strategies 

can be applied for the analysis of temporal applicability. Model validation in different catchments 

can be implemented with rainfall time series that either resulted in debris flows or not. It is 

important to not only test the spatial applicability of models but also examine whether the spatial 

applicability interacts with temporal applicability.  

Figure 2-1 presents a conceptual diagram of the methods used for validation. Besides, it is critical 

to consider the reliability of data on the observed events and the limitations of models when 

validation is based on the comparison between model predictions and independent response events 

(Mroczkowski, Raper, & Kuczera, 1997).   

 

Figure 2-1.Conceptual diagram of validation methods 

Model transferability 

Model transferability is the capacity of a model that is calibrated for one time period and study area 

to generate acceptable results at other times and study areas (MacDougall & Flowers, 2011). The 

methods used for transferability analysis are flexible according to available data and purposes. For 

example, Shrestha et al. (2007) calibrated and validated a hydrological model in six nearby 

catchments for spatial transferability analysis. They adopted two different scenarios, in which every 

dataset was derived from different years, for assessing temporal transferability. In the first scenario: 

one dataset was used for calibration, and another dataset used for validation, and a third dataset 

was used for evaluation considering changes in some factors. In the second scenario: the third 

dataset was used for calibration, the fourth one for validation, and the first dataset was used for 

elevation. NSE and HMLE were measures used for final analysis. Heckmcacnn and Becht (2009) 

investigated model spatial transferability by extensive cross-validation in different study areas. 

MacDougall and Flowers (2011) examined the parameter transferability in space, in time, and both 

in space and time combined. In their research, the parameter values extracted for one study area or 

one time were employed for other studies and times. Parameters associated with one study area 

were transferred to others for the same year for joint-transferability analysis. In their study, MPE 

and RMSE were used for final transferability analysis. Benjamin et al. (2018) analyzed the spatial 

transferability of the model by applying the calibration to nineteen further events across varyingly 

complex terrain. Table 2-4 illustrates the useful measures for transferability analysis.  
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Table 2-4. Summary of measures 

Measures Explanation 

Nash-Sutcliffe efficiency (NSE) A normalized statistic that determines the relative magnitude of the 

residual variance compared to the measured data variance 

Heteroscedastic maximum likelihood 

estimator (HMLE) 

A method of estimating the parameters of a probability distribution 

by maximizing a likelihood function 

Mean percentage error (MPE) Average of percentage errors by which forecasts of a model differ 

from actual values of the quantity being forecast 

Root mean square error (RMSE) A statistic to illustrate how concentrated the results are around the 

line of best fit 

Cohen’s kappa A statistic to measure the inter-rater reliability (also intra-rater 

reliability) for qualitative items 

 

  
Figure 2-2. Methods for transferability analysis 

A: temporal transferability analysis; B: spatial transferability analysis; C: to analyze whether spatial transferability 
integrates with temporal transferability   

https://en.wikipedia.org/wiki/Statistic
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3. STUDY AREA  

This chapter introduces the secondary hazards produced by the 2008 Wenchuan earthquake. Based 

on the hazard inventory in the Wenchuan area, more focus was given to the catchments around 

the earthquake epicenter to select several suitable watersheds for model running. After that, the 

information on geology, climate, and soil in the selected watersheds are introduced. 

3.1. Wenchuan earthquake-affected area 

Sichuan province, China, is an earthquake-prone area, where post-seismic debris flows are common 

second hazards after the 2008 earthquake in this region. The 8 Mw Wenchuan earthquake that 

happened in 2008 triggered a large amount of co-seismic landslides, estimated around 200000 over 

an area of 35,000 km2 (Xu et al., 2014). Tang et al. (2016) and Fan et al. (2018) summarized the 

post-seismic landslide activity in watersheds near the epicenter by multi-temporal satellite image 

interpretation and field data (Table 3-1). A total of 2,408 debris flow events were recorded after 

the 2008 shock until 2017 (Huang & Fan, 2013; Fan et al., 2019). These frequent secondary mass 

movements resulted in large numbers of casualties, destroyed buildings, and roads almost, which 

occurred almost every year. The ten years following the earthquake witnessed various changes in 

the mountainous earthquake-stricken area. The rainfall thresholds for landslide and debris flows 

sharply dropped just after the earthquake then increased gradually during the ten following years 

(e.g., Zhou et al., 2014; Pan et al., 2018; Zhang & Zhang, 2017). According to the research done by 

Zhang and Zhang (2017), the debris flow materials in the same catchment became coarser over 

time. Besides, Tang et al. (2019) indicated that the loose material amount had reduced to the same 

level as before the earthquake, although a distinct increase existed during the few years after the 

earthquake. Moreover, vegetation on the whole regenerated in most of the areas during the ten 

years (Lu et al., 2012; Li et al., 2014). 

 

Table 3-1. Landslide inventories near the epicenter of Wenchuan earthquake, 0-3 means level of activity, “/” 
means no information, “-“implies none (data of 2009 from (Tang et al., 2016); data of 2008,2011,2013,2015 form 
(Fan, Domènech, et al., 2018)) 

Year 
Channel 
deposit 

Co-seismic/Post-
seismic  Level of activity 

New landslides 
Active 
slides 

Active 
debris 
flow 

Dormant co-
seismic deposits 

Remobilized co-seismic 
deposits 

0 1 2 3 

2008 98 8825 364 - - - - - 

2009 / / / 4855 452 250 182 83 

2011 109 3544 1273 4013 1166 1069 1801 781 

2013 59 1041 439 7611 442 299 379 360 

2015 72 108 105 8976 131 33 41 8 
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Figure 3-1. Location of Wenchuan county and co-seismic landslides 

3.2. Selection of watersheds 

The selection of potential watersheds for this study was based on a number of criteria. First, the 

watershed should be close to the epicenter of the earthquake, near Yingxiu town, and specifically 

close to the Hongchun catchment. The Hongchun catchment is one of the catchments that has 

been studied most frequently by various researchers, and also OpenLISEM Hazard was applied in 

this catchment with excellent results (Bout et al., n.d.). In this watershed, many debris flows 

happened within five years after the earthquake. The second condition is that these catchments 

should have been impacted severely by co-seismic landslides, which changed the geo-environment 

significantly. The third criteria was that these catchments should have witnessed massive debris 

flows after the earthquake, which should have been recorded. Running the model over a longer 

period can be more representative to illustrate the influence of the rebalancing of the geo-

environment on the temporal transferability. Hence, if the watershed experienced debris flows 

recently, it could be considered a priority. That massive debris flows happened in the catchments 

is a basic condition to carry out temporal transferability analysis. Besides, the candidate catchment 

should be close to the Hongchun catchment so that their soil properties are relatively similar, which 

can partly eliminate errors in spatial transferability caused by the differences of soil properties. 

Besides, what is best is that the simulated debris flows in the candidate catchments were triggered 

by the same rainfall event. Otherwise, the performance of spatial transferability may be affected by 
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rainfall properties. Naturally, data availability and sufficient related previous research are critical to 

ensure the feasibility of this research.  

 

As a result, Lianhuaxin (sub-catchment of Niujuan gulley) and Bayi watersheds were selected 

because they fulfilled the criteria mentioned above. These catchments experienced rainfall-induced 

debris flows within the same period in 2010, 2011, and 2013. Model simulations of post-seismic 

debris flow have been done by others for events that happened in 2010 in these catchments, which 

provide a reliable foundation for model running and calibration in this research. 

 

 
Figure 3-2. Flow chart of catchments selection 
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Figure 3-3. Location of the study sites and distribution of post-seismic debris flows 

3.3. Study sites  

Geology & Soils 
The Hongchun gully is characterized by the steep slopes, sharp incision, and deep-cut V-shaped 

channels, ending in flatter alluvial fans downstream. The tributary gullies in these watersheds are 

distributed like branches. After the earthquake, the terrain of Hongchun gulley has changed 

significantly so that part of the slopes shifted from convex to concave. Consequently, channel 

accumulation and blockage became severer, and the source area was expanded (Xu et al., 2012). 

The regional geological structures of Niujuan catchment are complex as the Yingxiu-Beichuan fault 

passes through this gully. And the neotectonics movement is characterized by a sharp rise of the 

slopes of up to 10 meters caused by fault activity. A large co-seismic rock avalanche occurred in 

this watershed, which filled up the valley almost to the outlet point. Consequently, the width of the 

gully expanded from 35 ~ 40 meters before the earthquake to 80 ~ 120 meters after the quake. 

Oppositely, the width of the upstream part gradually narrowed to 6 ~15 meters, based on a field 

investigation report from a local engineering company. Bayi gully belongs to low to intermediate 

mountainous terrain, although the upper part is very steep. Given the effects of geological 

structures, the valleys were incised shallower in the Longchi area. The channels in the Bayi 

watershed have a V shape. Three river terraces are developed on both banks of the Longxi river, 

among which the first terrace is 7 meters higher than the riverbed. The second terrace has a relative 

height of 25 meters, and the third terrace has a height of around 70 m. Overall, the high, steep 

slopes and large gradient make it easier to trigger the loose materials to move and transport in the 

channels (Ming, 2014; Ma & Li, 2017).  
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The strong tectonic uplift of the mountain characterizes the Hongchun gully and Lianhuaxin gully. 

The main exposed strata in the gullies are the Sinan system (Z), Proterozoic system (Pt), and 

Quaternary alluvial deposits (Q3al+pl). The lithology mainly consists of granitic rocks, with some 

pyroclastic rocks, limestone and sandstone. The surface soil is the loose quaterbary sediments (Tang 

et al., 2011). Owing to the impacts of the Wenchuan earthquake, the surface soil is loose with many 

joints and fissures. The Bayi gully is covered by silty clay, marls, sandstones, and mudstone. These 

rocks contain a large amount of clay material and more prone to debris flow.  

 

The Hongchun gulley covers an area around 5.35 km2, and has a length of 3.6 km. The highest 

source area is at 2168.4m, and the elevation of this gulley is from 880 to 2168 m. The average slope 

is around 35.8° (Xu et al., 2012). The terrain of Niujuan gully is undulating and ranges between 20° 

and 75° degrees, with an average of 27°. The length of Lianhuaxin gully is around 2.12 km, and the 

area is about 3.0 km2. For Bayi catchment, the elevation ranges from 870 to 2503 m. The average 

slope is around 37.6°, and the length of this gully is 4.23 km, with a catchment area of 8.30 km2 

(Zhou et al., 2014).  

 

Table 3-2. Characteristics of study catchments 

Catchment  Area (km2) Main length (km) slope Elevation (m) 

Hongchun  5.35 3.6 36 880-2168 

Lianhuaxin 3.0 2.12 27 859-2700 

Bayi 8.3 4.23 37.6 870-2503 

 

Climate  
The study area belongs to the mid-subtropical monsoon climate zone in the Sichuan Basin. 

Precipitation properties are inhomogeneous because of the influences of topography. The average 

annual rainfall in Yingxiu town is 1253 mm. The maximum yearly rainfall that occurred in 1964 

was 1688 mm while the minimum precipitation occurred in 1974 was 863 mm, see graph Figure 

3-4. In the nearby Longchi region, the maximum yearly rainfall was 1605 mm (1978), and the 

minimum annual rainfall 713 mm (1974), so slightly less than in Yingxiu (Ming, 2014). The rain is 

concentrated in the monsoon (especially in July and August), intensities of hourly rainfall, daily 

rainfall, as well as frequency are high, but the duration is short. See Figure 3-4.  

 

 
Figure 3-4. Average monthly rainfall in Yingxiu town and Longchi town 
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3.3.1. Hongchun catchment 

This catchment had not experienced debris flows for around forty-six years until the earthquake 

activated a large number of co-seismic landslides. After the earthquake, the total amount of loose 

material is 35.8×105 m3 , among which approximate 15×10
5
 m3 new loose material was induced by 

the earthquake (Xu et al., 2012). After the Wenchuan earthquake, debris flows frequently happened 

in this catchment for five years after the earthquake. In the 08.14.2010 event, the debris flow 

material was around 7.11×105 m3 in total. About 4.0×105 m3 material moved into the powerful Min 

river, and a temporary dam was formed that blocked the river. As a result, the river diverted and 

floodwaters poured into the newly reconstructed Yingxiu town from the right bank, which caused 

critical property loss (Tang et al., 2011). Table 3-3 summarized the post-seismic debris flows 

happened within five years.  

 

Table 3-3. The debris flows happened in the three catchments 

 Hongchun  Niujuan Bayi 

Year  Occurrence  Damage Occurrence Damage Occurrence   Damage 

 

 

2009 

 

 

- 

 

 

- 

 

○ 

The Min river was 

blocked  
 

○ 

The tea-horse road, 

400-meter Du-Wen 

highway, numerous 

farmland, and 

temporary houses 

were destroyed 

 

 

2010 

 

○ 

The newly 

reconstructed 

Yingxiu was 

flooded  

 

○ 

The earthquake ruins 

were destroyed, and 

the old Baihua bridge 

was buried 

 

○ 

Around 136 houses 

were destroyed, 280-

meter Du-Wen road 

was buried, direct 

economic loss: 

150,00000 (RMB) 

 

 

2011 

 

○○ 

The highway, 

the nearby 

houses were 

destroyed 

 

○○ 

The national highway 

213 was destroyed 
 

○○ 

The road in the outlet 

area was blocked 

2012 ○ ? - - - - 

 

2013 
○  

? 
○ Two access roads to 

this village were 

destroyed 

- - 

Note: ○: “debris flow”; ○: “mitigation measure”; “-“: no debris flow happened; “?”: no detailed information 
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Figure 3-5. Distribution of historical landslides in Hongchun catchment 

3.3.2. Niujuan catchment   

Before the Wenchuan earthquake, no mass movement events were recorded in this catchment, and 

there was no prominent debris flow deposition. The earthquake generated around 69.5×105 m3 of 

new material in total, which dominated the material in this catchment. During the Wenchuan 

earthquake, a large rock avalanche occurred in the upper sub-watershed of Njuguna catchment, 

called the Lianhuaxin watershed. This rock avalanche filled the downstream valley parts to form a 

dam lake after they hit the right bank of the main channel (Figure 3-6). The initiation volume of 

the debris flow event that occurred on 14th Aug in 2010 was 1.49×105m3 . According to the field 

investigations, and engineering dam at the dammed lake blocked part of the initial solid material. 

The rest of the material deposited in the channel, while around 0.83×105 m3 of loose material 

moved into Min River, blocking about one-third of the river width. And the old Baihua bridge was 

buried by the debris flow material. The debris flows happened in this catchment are illustrated in 

Table 3-3. 
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Figure 3-6. Distribution of historical landslides in Niujuan catchment 

3.3.3. Bayi catchment  

Bayi catchment was a multi-stage old debris flow gully before the Wenchuan earthquake with three 

huge-scale debris flows that were recoded before 2008, namely in Ⅰ stage, Ⅱ stage, and Ⅲ stage. 

The Ⅰ stage and Ⅲ stage formed huge deposition fans at the outlet, and the scale of Ⅱ stage was 

smaller that most materials stopped in the channels (Ma et al., 2011). The strong shaking of the 

Wenchuan earthquake triggered numerous co-seismic landslides, especially in the middle section 

of this catchment. According to field measurement, abundant loose material, around 75.7×105 m3 

was formed by the co-seismic landslides, among which the unstable reserves were about 43.8×105 

m3 (Zhang, Zhang & Zhang, 2010). Three debris flows happened in 2008 and 2009, with a volume 

of 11.4×105 m3. The events in 2009 resulted in severe damage to the more than one hundred 

temporary houses and the Du-Wen highway. A new access road and tunnel had to be constructed. 

According to field surveys, on 14th August 2010, debris flows had broken out in three sub-gullies 

at the same time while the main gully did not participate in the debris flow processes or provide 

loose material, but received a lot of deposits (Ma et al., 2011). In total, approximately 1.37×105 m3 

solid materials moved during this debris flow event, and most of the material was deposited in the 

channels and outlet areas (Ming, 2014). The debris flows happened in this watershed are illustrated 

in Table 3-3.  
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Figure 3-7. Distribution of historical landslides in Bayi catchment  
 

Many measuring instruments and monitoring devices were installed in the earthquake-stricken area 

(Qingping, Yingxiu, Longchi) for debris flow monitoring and early warning, such as automatic 

telemetry rain stations, video cameras, radar mud gauges, infrasound alarms, and pressure sensors, 

etc. However, most of them did not function anymore after some years due to bad maintenance, 

destruction of the debris flow in 2010, and stealing of solar panels and batteries so that no warning 

was issued for the recent events.    
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4. METHODOLOGY  

This chapter introduces the OpenLISEM_Hazard, and described the input data, scenarios, and 

methods. It first introduces the theoretical background and governing equations of 

OpenLISEM_Hazard. The second section illustrates the sources of the input data and how they 

were preprocessed. Also, the modeling scenarios are briefly introduced. Finally, the methods used 

for sensitivity analysis, calibration, and transferability analysis are presented.  

4.1. Introduction of OpenLISEM hazard 

OpenLISEM Hazard is a physically-based model developed to simulate runoff, sediment dynamics, 

flooding, and mass movement processes. The first version of OpenLISEM was published and 

improved by De Roo (1996) and Jetten & de Roo (2001) as a distributed erosion and hydrology 

model. Then the model was further developed and enhanced to include also flood simulations. In 

the past years, the model was extended to become a multi-hazard modeling tool for single rainfall 

events and tested in several studies on debris flow simulation (Bout et al., 2018a; Bout et al., n.d.;  

Augusto, 2019). This multi-hazard version contains three main processes: water processes, 

sediment processes, slope processes. The main components of OpenLISEM_Hazard are: 

 

Surface Storage 

Runoff 

Erosion 

Slope stability and failure 

Debris flow initiation and runout 

Flooding 

Mass movement runout 

 

OpenLISEM Hazard is an event-based simulation tool, and long-term processes such as 

groundwater flow and evapotranspiration are not directly implemented. Changes in related 

properties must be set through the initial conditions of the model. This model is meant to simulate 

the effects of changes in source material, land use type, and mitigation works on the development 

of dynamic activities. The model can be divided into three main classes: the hydrological processes, 

the sediment processes, and the slope processes. The model simulates the processes using a 

deterministic approach, and no probabilistic components, e.g., related to the uncertainty of the 

input parameters, have yet been implemented. 

4.1.1. Hydrology   

The hydrological part of OpenLISEM Hazard includes  

 

Precipitation  

Interception 

Storage  

Infiltration  
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Runoff flow 

 

Precipitation 

OpenLISEM Hazard simulates rainfall from rainfall intensity data (mm/h) for a given rainfall event 

with a duration of hours, subdivided in timesteps, which can also be given spatially or a single set 

of values for the entire area. In order to correct the fact that less rain remains on the steeper slopes, 

the cell width and length that receive rainfall changes following the slope of the local topography.  

The surface area of the cells with a steeper slope is enlarged.  

 

Interception 

Interception is calculated for vegetation, buildings. OpenLISEM Hazard ignores evaporation since 

the short nature of the rainfall event make this less relevant, and the evapotranspiration is playing 

a minimal role during the intensive rainfall events. Hence interception is set as fixed storage. The 

canopy interception is calculated with (Aston, 1979), while rainfall that is not intercepted reaches 

the soil with the same rainfall intensity as rainfall.  

 

 𝐼𝑐 = 𝑆𝑚𝑎𝑥 (1 − 𝑒
−𝑘

𝑃𝑐𝑢𝑚
𝑆𝑚𝑎𝑥)     4.1 

 k = 1 − e−(co∗LAI) 4.2 

Where Ic is the total intercepted storage at a given time (mm),  Smax is the maximum canopy storage, 

Pcum is the total precipitation (mm), co is the canopy openness (-), and LAI is the leaf area index 

(-). Smax is calculated from LAI with an empirical equation within OpenLISEM Hazard, is changing 

for different vegetation situations.  

  

Storage  

Rainfall generally is stored in micro depressions in the soil surface. The runoff flow starts gradually 

with the increase of the water level in micro depressions. OpenLISEM Hazard uses the surface 

roughness to estimate the fraction of water that is stored in micro depressions (MDS) and the water 

that is released as runoff. The equation was taken from (Kamphorst et al., 2000). 

 

 MDS = 0.243RR + 0.010RR2 + 0.012RR ∗ S 4.3 

 

Where MDS is the micro depression storage (mm), RR is the standard deviation of the surface 

heights (mm), and S is the slope (mm-1).  

 

Infiltration 

Water starts to transport from surface to subsurface when water in the micro depressions is over 

the limiting conditions (the pore space in the soil and infiltration capacity. The Green & Ampt 

model was widely used for OpenLISEM Hazard applications in the Wenchuan area. And the model 

for one layer simulation is enough for this study. Hence, the 1st layer Green & Ampt model was 

chosen for the infiltration process. 
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The model uses the empirical Darcy equation to illustrate the soil-water balance at the vertical level. 

 
𝜕𝜃

𝜕𝜏
= −Ks

𝜕h

𝜕z
 4.4 

In this equation, θ is the soil moisture content (m3 m-3), h is the hydraulic head(m), z is the vertical 

elevation (m), Ks is the saturated conductivity (ms-1). 

 

Green & Ampt model (1911) assumed that the wetting front moves down to the parallel layer to 

the soil surface during infiltration. Hydraulic conductivity, porosity, initial soil moisture content, 

and matric stress are used to dictate the infiltration rate. This model not only simplified the data 

requirements but also reduces the dimensions to be modeled only to simulate infiltration in the 

vertical direction. This model is sensitive to the Ksat and initial soil moisture. An assumption in 

this model is that the downwards speed of the wetting front changes with the saturated conductivity 

changes.  

 

 f = Ks (𝜑
F

𝜃s−𝜃i
+ 1) 4.5 

Where f is the potential infiltration rate (ms-1), Ks is the saturated hydraulic conductivity, F is the 

cumulative infiltrated water (m), θs is the porosity (m3 m-3), θi is the initial soil moisture content 

(m3 m-3). 

 

4.1.2. Slope stability and failure 

Slope failure in OpenLISEM Hazard is based on the Iterative Failure Method (Bout et al., 2018a). 

This method defines the failure from toe to top. There are several assumptions used in the process. 

Firstly, the failure surface is simply considered to be parallel to the surface gradient at any point. 

The second one is that the altered elevation results in changing forces in the neighboring cells. The 

third assumption is that the slope failure is calculated by the maximum of the slopes on both sides. 

This method reverses the Factor of Safety (FOS) to address the remaining depth of the soil layer 

at which the local stability is achieved.  

 

 FOS = 1 =
c1+c2∗coscos(tan−1(

h−h0
dx

))2∗tan(𝜑)

c3∗sin(tan−1(
h−h0
dx

))∗cos(tan−1(
h−h0
dx

))
 4.6 

Where C1 is apparent soil cohesion (kPa), C2 = ((𝛾 − 𝑚𝛾𝑤)ℎ𝑠 + 𝑚𝛾𝑤ℎ𝑠), C3 = ((𝛾 − 𝑚𝛾𝑤)ℎ𝑠, with 

𝛾.is the density of the slope material (kg m-3), 𝛾𝑤 is the water density (kg m-3), and m is the fraction 

of the saturated soil depth from the basal boundary (-), and hS is the depth of the failure plane (m). 

𝜑 is the soil internal friction angle (-), h is the elevation above the failure surface (m), and h0  is the 

lowest neighboring elevation (m).  

4.1.3. Flow dynamics 

In OpenLISEM Hazard, the dynamics of mass and momentum are calculated with a discretization 

of the continuity equation for solids and fluids (Bout et al., 2018a). The two-phase debris flow 

equation proposed by Pudasaini (2012) is used for flow dynamics simulation.  
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∂h

∂t
+

∂(hux)

∂x
+

∂(huy)

∂y
= R − I 4.7 

 
∂hux

∂t
+

∂(hux
2)

∂x
+

∂(huxuy)

∂y
= gh(Sx − Sf,x) 4.8 

 
𝜕ℎ𝑢𝑦

𝜕𝑡
+

𝜕(ℎ𝑢𝑦
2)

𝜕𝑦
+

𝜕(ℎ𝑢𝑥𝑢𝑦)

𝜕𝑥
= 𝑔ℎ(𝑆𝑦 − 𝑆𝑓,𝑦)   4.9 

Where h is the flow height (m), 𝑢 is the flow velocity (m/s), R is the rainfall (mm), I is the infiltration 

(m), g is the gravitational acceleration (m s-2), S is the friction term (m s-2), Sf is the momentum 

source term (m s-2).  

 

For adapting the two-phase debris flow equations to the catchment-based model, water flow 

friction is calculated with the Darcy-Weisbach equation instead of frictional force. In order to 

complete these equations, several flow properties are estimated based on the volumetric sediment 

content. Viscosity is given by an empirical relationship (Brien, Julien, & Fullerton, 1993).  

4.1.4. Deposition 

In this model, the generalized deposition equations developed by Takahashi et al. (1992) are 

selected to simulate various specific deposition-based processes (Bout et al., 2018a).  

 D = (1 −
|u⃗⃗ |

p|u⃗⃗ |cr
)

αeq−α

αb V 4.10 

 |𝑢⃗ |𝑐𝑟 =

2

5𝑑50
√

𝑔sin(𝜃𝑐)𝜌

0.02𝜌𝑠
1ℎ1.5

(
𝑎𝑏

𝑎
)
−

1
3
 −1

 4.11 

 tan(𝜃𝑐) =
𝛼(𝜌𝑠−𝜌𝑤) tan(𝜙𝑏)

𝑎(𝜌𝑠−𝜌𝑤)+𝜌𝑤
 4.12 

 αeq =
ρw tan(θ)

(ρs−ρw)(tan(ϕb)−tan(θ))
 4.13 

With D the deposition rate (𝑚 𝑠−1), |𝑢⃗ |𝑐𝑟 the critical velocity for deposition (𝑚 𝑠−1), 𝑝 the 

calibration factor for the critical velocity for deposition (-), 𝛼𝑒𝑞 the equilibrium volumetric solid 

concentration (-), 𝛼𝑏 the solid volumetric concentration of the bed material (-), and 𝑑50 is the 

median grain size (𝑚).  

4.1.5. Entrainment equations 

For entrainment estimation, the equations by Takahashi et al. (1992) is implemented in this model 

(Bout et al., n.d.).  

 E = K(τ − τc) 4.14 

 τ = ρflowghSf 4.15 

 Sf =
τy

ρflowgh
+

K

8ρflowgh2 +
ntd

2 |𝑢⃗⃗ |2

h
4
3

 4.16 

 𝜏c = 𝑐𝑏 + (1 − 𝐶𝑠)𝛼(𝜌𝑠 − 𝜌𝑤)𝑔ℎ cos2(𝜃) tan(𝜙𝑏)  4.17 
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Where τ is the shear stress (Pa), τc is the critical shear stress (Pa), Sf is the surface friction term (-

), 𝜏𝑦 is the yield stress (pa), 𝐾 is the resistance parameter for laminar flow (-), 𝑛𝑡𝑑 is the turbulent 

dispersive coefficient (m1/2𝑠−1), 𝑐𝑏 is the bed material cohesion (Pa), and 𝐶𝑠 is the coefficient of 

suspension (-). 

4.2. Input data  

OpenLISEM Hazard requires a large number of input parameters. Nevertheless, we can use four 

basic types (material properties, vegetation, topography, and rainfall) to make an OpenLISEM 

simulation dataset in PCRaster see Figure 4-1.  

 
Figure 4-1. Input data for OpenLISEM Hazard 

Meteorological data  

OpenLISEM Hazard needs rainfall intensity (mm/h) data as input. The rainfall intensity data used 

for model running are from published data by Fan et al. (2019). The published dataset provides 

records of many rain gauges for four rainfall events in 2010, 2011, 2013. The rain gauges that are 

too far from the study sites were excluded. The available rain gauge records with the highest 

resolution were selected for model running. These records were compared with the descriptions of 

rainfall events in previous research. For the available rainfall record in 2010 for Bayi gulley, the data 

from Fan et al. (2019) was very different from that in other papers (Ming, 2014;  Ma & Li, 2017). 

Because the data used in Ma & Li (2017) and Ming (2014) is similar to the most descriptions, we 

decided to use this rainfall data as input. These rain gauges are installed in the nearby towns 

(Yingxiu and Longchi), but the debris flow initiated from the upper and steep areas in the 

catchment. Therefore, due to the high spatial variability of the rainfall, as also evidenced by the 

differences between the nearby stations of Yingxiu and Longchi, the measured rainfall might 

deviate considerably from the rainfall that actually triggered the debris flow. Naturally, it increases 

the systematic bias for debris flow simulation since the spatio-temporal patterns of rainfall events 
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in the mountainous region can be significant inhomogeneous on account of the elevation and 

topographic relief. It means the rainfall that was recorded in the rain gauges deviates considerably 

from that which triggered the debris flows. 

 

Morphology data  

The DEM data used in the Bayi catchments for model running are a pre-earthquake DEM with a 

spatial resolution of 25m, derived from stereo satellite image and ground survey, and reported by 

Tang et al. (2019), and the DEM used for Lianhuaxin catchment was obtained from stereo satellite 

image and ground survey in 2014, and reported by Tang et al. (2019), and the DEM used for 

Hongchun catchment was derived in 2017 by drone photogrammetry with a spatial resolution of 

1m by the Chinese research institution (SKLGP), and data were reprocessed in their computer into 

a lower resolution. The DEMs were resampled to the pixel size used for the model running, which 

was 10 by 10m. In PCRaster, a gradient map, Local Drain Direction (LDD) map, outlet map, and 

watershed map were produced as input maps. All these maps, except the gradient map, were 

calculated from the LDD map. 

 

The LDD map indicates the drainage direction for each cell. Another critical LDD function is to 

remove artificial pits by setting the pit size threshold as artificial pits are often much smaller than 

real pits. Artificially pits may be included in the DEM errors and have to be eliminated, which are 

defined as cells that are surrounded by neighboring higher cells. After removal of pits, the 

remaining pits are assigned as outlet points while the outlet of the largest catchment of the 

watershed map is assigned as the main outlet point. 

 

Landuse data  

The land-use map used in Hongchun catchment was based on the Sentinel-2 classification at 10m 

resolution. No detailed classification was made in Lianhuaxin and Bayi catchments as limited land-

use types were present in these catchments. Except for a land-use map, the required land-use data 

includes vegetation-related maps. The vegetation cover and LAI were calculated based on NDVI. 

Vegetation cover (0-1) which can be calculated by a linear relation to NDVI (Keisuke & Susumu, 

2001). LAI can be derived from both NDVI and vegetation cover. In this research, for excluding 

the system error (NDVI also was used to estimate vegetation cover), LAI was calculated by NDVI 

directly. Vegetation height maps were generalized as average values based on related fieldwork in 

previous research (Bout et al., n.d.). In terms of vegetation height, the average height was assigned 

to the entire map for model running.  The other land-use maps were set to a value of zero.  

 

 

 𝑉𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑣𝑒𝑟 = 𝑁𝐷𝑉𝐼/𝑚𝑎𝑥(𝑁𝐷𝑉𝐼) 4.18 

 

 𝐿𝐴𝐼 = 0.57 ∗ 𝑒𝑥𝑝(2.33 ∗ 𝑁𝐷𝑉𝐼) 4.19 

Root cohesion is also a significant factor for debris flow simulation. Bout et al., (n.d.) did fieldwork 

for root cohesion measurement in the Hongchun catchment. Hence, based on previous work, root 

cohesion can be calculated by vegetation cover. 
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 𝑟𝑜𝑜𝑡 𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛 =  𝑣𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑣𝑒𝑟 ∗  𝑚𝑎𝑥 (𝑟𝑜𝑜𝑡 𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛) 4.20 

Surface data  

The surface data consists of surface roughness, Manning’s N, stoniness, crustiness, compactness, 

and hard surfaces. However, the later four components were ignored with setting values as zero. 

Manning’s N was considered as an average value to be generalized across the whole catchment, as 

was done in previous simulations (Bout et al., n.d.). The surface roughness was processed in the 

same way as Mannings’N.  

 

Slope stability data  

The model requires the following parameters for slope stability analysis: soil density, soil cohesion, 

internal friction angle, rock fraction, rock size, soil depth, and depth of loose material. Fieldwork 

and related experiments had been done in these three catchments by other researchers (Bout et al., 

n.d.), from the results were used in this study. As it was impossible to obtain the exact debris 

material depth, co-seismic landslide deposits were used to calculate the material depth based on the 

empirical relationship between volume and area (Tang et al., 2019).  

 

 𝑉 = 0.0156 ∗ 𝐴1.533 4.21 

Since the Green and Ampt method was selected for the infiltration phase, this method needed the 

saturated hydraulic conductivity (Ksat), average suction at the wetting front (ψ), the initial moisture 

content, the porosity and the depth of the soil layer as input. Besides soil depth, values of other 

infiltration properties were derived from previous work.  

 

Soil depth plays a significant role in modeling results, but it is hard to be measured. Soil depth was 

calculated by both the empirical method and physical relationship. The physical relationship is 

suitable to calculate the material depth at the upper area of the catchment and more reliable for the 

landslide area (Saulnier, Beven, & Obled, 1997). The soil depth obtained from the empirical 

relationship is better to be used for estimating the soil depth in the channel (Kuriakose, van Beek, 

& van Westen, 2009). In this research, we used the average of the two soil depth models as input 

for model running. Table 4-1 summarizes the input parameters for the three watersheds. 

 

Table 4-1. Input data for 2010 scenario  

  Sources of data in watershed 

Base map Parameter Hongchun  Lianhuaxin Bayi 

Rainfall  Max hourly rainfall-

30mm 

Fan et al. (2019) (Ma et al., 2011) 

Elevation DEM DEM in 2017 DEM in 2014 Pre-earthquake DEM 

 

 

Land surface  

Land cover classes Sentinel-2 classification at 

10m resolution 

Average value from Hongchun catchment 

Manning’s N (n) Literature comparison with field photos (Bout et al., n.d.) 

NDVI Landsat5 images at 30m resolution (2010) 

Vegetation cover Estimated from NDVI using the empirical method 
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Root cohesion  Measured from field 

samples (Bout et al., n.d.) 

Calculate based on vegetation cover 

 

 

 

 

Soil material  

D50 Measured from field samples (Bout et al., n.d.)  

 

 

 

 

Measured from samples 

(unpublished modeling 

work in OpenLISEM 

hazard, SKLGP) 

 

ksat 

Measured from field 

samples (Bout et al., n.d.) 

(Bout et al., n.d.) 

and unpublished 

field investigation 

report 

Internal friction 

angle 

Measured from field 

samples (Bout et al., n.d.) 

(Bout et al., n.d.) 

Literature values 

Cohesion Measured from field 

samples (Bout et al., n.d.) 

Unpublished field 

investigation 

report 

Porosity Literature Values Literature values 

 

Density 

Measured from field 

samples (Bout et al., n.d.) 

Average value 

from Hongchun 

catchment 

 

Soil depth  

Physical and empirical 

relationships 

Physical and 

empirical 

relationships 

4.3. Debris flow scenarios  

According to the debris flow inventory (Fan et al., 2019a), In 2010, debris flows happened in Bayi, 

Lianhuaxin, and Hongchun on 13th and 14th August. Hence, the 2010 scenario was selected as the 

triggering rainfall event. In 2011, a debris flow happened in Bayi catchment on 3rd July. One month 

later, a debris flow occurred in Hongchun catchment on 20th August and Niujuan watershed on 

21st. In 2012, no debris flow was recorded in these three gullies. In 2013, Hongchun and Liahuaxin 

experienced debris flows on the same day when nothing happened in Bayi gully.  

 

Five changing variables were considered in this research for model running in different years: 

rainfall, elevation, vegetation cover, root cohesion, and depth of loose material. The DEM used for 

model running was the DEM after model running under the previous scenario, which therefore 

includes the erosion and accumulation areas. The changes of vegetation cover were calculated from 

satellite images from subsequent years, using NDVI, and root cohesion changes were correlated 

with the changes of vegetation cover. The depth of loose material was represented by the difference 

between the depth of loose material in 2010 and the erosion depth after the 2010 event. The 

deposition depth was not considered since debris flow material was moved by bulldozers and trucks 

immediately after the debris flow. Because no debris flow happened in 2012, the data used for the 

2012 scenario are the same as the data used for the 2013 scenario. In Table 4-2, “N” is the year for 

simulation, “N-1” is the year of the most recent event 

 

Table 4-2. How varying parameters over time were considered 
Temporally variable factor Strategy 

Elevation (DEM)  DEM in year N = final DEM after year N-1 

Vegetation cover  NDVI in year N (landsat5 in 2011, landsat7 in 2013) 

Root cohesion  Vegetation cover in year N × original maximum root cohesion 

Depth of loose material  Depth of loose material in year N – entrainment depth in year N 
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4.4. Methods of sensitivity analysis and calibration  

Sensitivity analysis is to analyze changes in which parameter will result in large changes in model 

outputs. Only when the modeled processes and environment are similar, the parameter sensitivity 

is the same in different watersheds. The “one-parameter-one-time” method was applied for parameter 

sensitivity analysis. An important principle in calibration is to alter the parameters with the strongest 

influence on model outcomes. By doing so, the best performing simulation can be acquired. 

However, because of the large number of simulations required with many calibration parameters, 

it is efficient to select only the most influential parameters for the calibration process. There are 

several alternative parameters for model calibration. The entrainment coefficient affects the solid 

volume significantly. The flow internal friction angle can affect shearing resistance that determines 

the amount of moving material that can stop in the channel. Consequently, it can leave more 

material in channels to shorten the runout distance and delay the arrival time of sediments to the 

outlet area. Except for these two parameters, initial water content, soil internal friction angle, and 

Manning’s N were tested for the influences on volume, runout distance, especially arrival time. 

Before determining sensitivity analysis to be done for which factors, the model had run with the 

default settings. Around six to eight testing runs with larger variations (around 0.2) were made in 

each catchment to select parameters for sensitivity analysis. After we found a relative optimum 

combination of parameters, the parameters were refined manually. Totally, the model run around 

fifteen times in each watershed for parameter sensitivity analysis.  

 

The models were calibrated after the sensitivity analysis using a trial and error method. This method 

is to run the model repeatedly with the fine-tuned parameters based on previous errors until 

success. In general, at least five-time more model runs were applied in each watershed based on 

outcomes of sensitivity analysis, and every model run took 8 to 13 hours (depending on the scale 

of the modeled area, rainfall scenario, and computer performance). The calibration can start with 

calibrating simulated volume as it can be simply calibrated by tuning the entrainment coefficient, 

and it will not be affected by other parameters significantly. The next step is to calibrate the arrival 

time and runout distance. The calibration of both indicators can be operated at the same time as 

they are affected by similar factors. 

 

The indicators used for calibration are volume, runout distance, and arrival time. The extent of the 

deposition could not be used for calibration as those were unavailable. In this research, it was 

assumed that the threshold for determining the predicted arrival time in the model is once the 

percentage of solid phase reached 15%. This threshold for debris flow definition is arbitrary 

however can have influences on the efficiency on early warning and taking appropriate responses 

for risk reduction. Since the recorded time of a debris flow is mostly the time when debris flow 

material arrived in the outlet area, a point around the junction of the watersheds and the Min river 

was selected to estimate the arrival time in the model. However, the recording of the exact arrival 

time based on eyewitness accounts and press information can be less accurate than the recording 

using video cameras, which were not available. The model calibrations were done with actual 

events. The accuracy of the runout distance is hard to be quantified, especially because most of the 

debris flows ended in the main river. Hence, visual interpretation was applied to evaluate the 

modeled runout distance. Table 4-3 shows the debris flow information used for model calibration. 
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There was no detailed information for the events that happened in 2011 and 2013. Hence, the 

model runs for the two years could not be calibrated. 

 

Table 4-3. Available information on debris flows 

Event Time Volume (× 105 m3 ) The ending point of runout  

Hongchun 

08.14.2010 16:00 7.11 One-third of the width of Min river 

08.20.2011 02:00 ? The road at the outlet was destroyed 

2012 ? ? ? 

07.10.2013 ? ? ? 

Lianhuaxin  

08.14.2010 16:00 1.49 One-third of the width of Min river 

08.20.2011 ? ? The road at the outlet was destroyed 

2012 - - - 

07.10.2013 9:00 ? The access road at the outlet was destroyed 

Bayi 

08.13.2010 02:00 1.37 Longxi river 

07.03.2011 ? ? Outlet 

2013 - - - 

-: no event happened; ?: happened without detailed information 

4.5. Methods of transferability analysis 

Cross-validation was employed for spatial transferability analysis. Owing to the limited information 

on debris flows that happened in 2011, 2012, and 2013, cross-validation was not possible for the 

temporal transferability. Hence, the calibrated model in 2010 was run under 2011, 2012, and 2013 

scenarios to test how applicable the model is with the time to predict the occurrence of debris flow. 

Cohen’s kappa was used to assess the spatial transferability in terms of accuracy of volume and 

time, see below.  

 
Figure 4-2. Diagram of transferability experiments. 

The procedures in the solid-line square are for spatial transferability analysis. The procedures in the dash-line 

square are for temporal transferability. 
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Modelled for 

watershed 

Calibrated 

_catchment 1 

Calibrated 

_catchment 2 

Calibrated 

_catchment 3 

SUM  

Catchment1 A A1  A2 E 

Catchment2 B  B1 B2  E1 

Catchment3 C  C1 C2  E2 

SUM  D D1 D2 F 

Note: (The Ai, Bi, Ci are the volume accuracy, time accuracy. D= A+B+C, E= A+A1+A2, F= D+D1+D2 

p0 =
A + B1 + C2

F
 

𝑃𝑒 =
(𝐷∗𝐸)+(𝐷1∗𝐸1)+(𝐷2∗𝐸2)

𝐹∗𝐹
  

𝑘 =
𝑝0 − 𝑝𝑒

1 − 𝑝𝑒
 

p0 is the relative observed agreement among raters (identical to accuracy), pe is the hypothetical probability of 

chance agreement. K=0 implies that there is no effective agreement between two raters, K=1 if the raters are in 

complete agreement.  
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5. RESULTS 

The results of sensitivity analysis, calibration, and transferability analysis are presented and 

discussed in this chapter. 

5.1. Sensitivity analysis 

In this section, the selected parameters, the value ranges, and the results of the sensitivity analysis 

of different parameters concerning different indicators are explained. The rainfall scenario used for 

sensitivity analysis is the 2010 rainfall event (Figure 5-1; Table 4-3).  

 

 
Figure 5-1. 2010-Triggering rainfall in Hongchun, Lianhuaxin, Bayi catchments. (The period in the black dashed-
line square is the rainfall scenario used in Hongchun and Lianhuaxin catchment) 

 
Hongchun catchment  

In this watershed, soil internal friction angle and Manning’s N are insensitive. The initial moisture 

is extremely sensitive that a slight decrease can lead to no debris flow is reproduced in the model. 

Finally, the parameter sensitivity analysis was carried out with three groups of parameters (Table 

5-1). The results were presented as the percentage change from the volume (green line = 100%) 

and the difference in minutes with the time of arrival (pink line = 0 mins), as shown in Table 4-3. 

The negative time error means the simulated arrival time is earlier than the actual time, and the 

positive values mean delay. The changes of solid-phase percentage with modeling time is shown in 

figures b (Purple dashed line indicates the threshold used for debris flow: the percentage of solid 

phase equals 15%; the red dashed line is the real arrival time). According to the results of testing 

running with different EC, the simulated volume is close to the measured volume when the EC is 

around 0.35. Hence, the sensitivity analysis was made with little changing interval. The results of 

analysis A illustrate several facts (Figure 5-2). The model results with respect to the debris flow 

volume are best when EC is 0.25, and the accuracy of volume estimation decreases sharply with an 

increase of the EC within the tested range. It is also found that the volume accuracy would show a 

dropping trend with the decline of EC when the EC is lower than 0.25. The accuracy of arrival 
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time prediction changed similarly with that of volume with increases of EC. Both the arrival time 

and the changing trend solid-phase percentages were affected by EC insignificantly (Figure 5-2b). 

The solid-phase percentage remains high, also after the peak rainfall, and hardly drops until the end 

of the simulation. However, completely different behavior is seen for the Flow Internal Friction 

Angle (FIFA): a slight change of the FIFA parameters affects the behavior of the EC parameter to 

the model, and the same changes in EC now have different model outcomes. Figure 5-3a shows 

that the accuracy of the modeled volume decreased a lot compared to scenario A. Figure 5-3b 

shows that the influence of a different FIFA values affects the shapes of solid-phase-percent lines 

very much. Especially when EC equals to 0.25 and FIFA equals to 0.6, the percentage of solids 

decreases again after the peak rainfall (Figure 5-3b). The accuracy of the volume shows a fluctuation 

with the increase of EC rather than a simple decrease (Figure 5-3a). The time errors also show a 

non-linear behavior with an increase of EC first increasing and then reducing again. In analysis C 

(Figure 5-4), the shapes of solid-phase-percent lines with increasing FIFA are similar, and the 

decrease after the peak value becomes more evident with increasing FIFA values (Figure 5-4b). 

Overall, the analysis for Hongchun showed that the time error is the lowest when EC is 0.35 in 

analysis B (200 minutes earlier than observed) while it is the highest in analysis A (330 minutes), 

with a change of FIFA from 0.5 (A) to 0.6 (B). So, it is clear that both EC and FIFA are highly 

interdependent. The analysis also shows that changes in these important parameters overall do not 

scientifically improve the modeling of the correct arrival time. Overall, the modeled arrival time in 

this catchment is always earlier than the real arrival time. Adversely, the accuracy of the modeled 

volume reduces directly with the increase of FIFA. Besides, EC and FIFA are ineffective to shorten 

the runout distance in this catchment.  

 

Table 5-1. Parameter compositions of sensitivity analysis 

Code Parameter compositions 

Entrainment coefficient (EC) Flow internal friction angle (FIFA) 

Analysis A 0.25-0.35 (interval:0.05) 0.5 

Analysis B 0.25-0.35 (interval:0.05) 0.6 

Analysis C 0.3 0.5-1.0 (interval:0.1) 
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Figure 5-2. Hongchun-Analysis A 
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Figure 5-3. Hongchun-Analysis B.  
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Figure 5-4. Hongchun-Analysis C.  
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critical factor to affect the arrival time and runout distance in this gully. The same rainfall scenario 

was used for sensitivity analysis as in the Hongchun catchment.  

The values of input parameters are given in Table 5-2. As shown in Figure 5-5, the volume is 

modeled with 95% accuracy when EC equals 0.4, and decrease with increasing EC values. Thus, 

for this watershed, an EC value of 0.4 can be considered as an optimal value. Increases of EC affect 

the accuracy of the arrival time only slightly in this watershed (Figure 5-5a). The graphs of solid 

phase percentage (Figure 5-5b) show the tendency to rise first and then drop, with different 

behavior for EC of 0.8 as compared to lower values (Figure 5-5b). The changes of FIFA affect the 

arrival time considerably (Figure 5-6a). The modeled arrival time increases directly with the rise of 

FIFA within the tested range of values. There is a critical value (1), at which the modeled starting 

time is almost as same as the real arrival time (Figure 5-6a). The changes of FIFA affected the 

shapes of graphs of solid phase percentage also considerably. The line for the FIFA value of 1 (and 

EC 0.4) reaches the threshold of 15% after several-hours of intense rainfall with timing close to 

the observations. During this, the solids increase first to a high solid percentage (60%) before 

decreasing again (Figure 5-6b). It can be concluded that increasing FIFA is more effective for 

shortening the arrival time than EC, but it is not as sensitive as EC to volume. The effects of SIFA 

with respect to the arrival time and debris flow volume were less than those covered by EC and 

FIFA (Figure 5-5). Except for the excellent simulated arrival time, the model, in general, gives the 

arrival time earlier when the predicted volume is excellent. 

 

Table 5-2. Parameter compositions of sensitivity analysis 

 

Code 

Parameter compositions 

Entrainment coefficient 

(EC) 

Flow internal friction angle 

(FIFA) 

Soil internal friction angle 

(SIFA) 

Analysis A 0.4-0.8 (interval:0.2) 0.5 2 

Analysis B 0.4 0.5-1.5 (interval: 0.5) 2 

Analysis C 0.4 1 2-8 (interval:3) 
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Figure 5-5. Lianhuaxin-Analysis A 
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Figure 5-6. Lianhuaxin-Analysis B 
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Figure 5-7. Lianhuaxin-Analysis C 

Bayi catchment  
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The parameter sensitivity analysis was done with the combinations in Table 5-3. As shown in Figure 

5-8, the results were similar to the other two catchments, with higher EC lower volume accuracy 

was modeled. It is possible to obtain excellent volume results by only tuning EC and keeping the 

other values constant. The EC variations are insensitive to the modeled arrival time, as was the 

same in the other two catchments. However, in Bayi watershed, the modeled arrival times always 

occur around one hour after the intense rainfall and two hours after the reported arrival time. 

Because of the typical temporal distribution of rainfall, the soil-phase-percent lines are 

characterized by sudden jumps from zero (Figure 5-8b). Compared with EC, FIFA affects the 

modeled arrival times more than EC, while it affects volume accuracy less. On the whole, FIFA 

reshaped these lines, although the arrival times did not change a lot (Figure 5-8b). And the steepness 

of the line decreases with higher FIFA values. The effect of these two parameters (EC and FIFA) 

on declining runout distance is insignificant in this catchment. The impacts of changing the initial 

water content values (Theta) are minimal on both volume accuracy and time error (Figure 5-10). 

Generally speaking, the tested parameters have limited effects on the solid-phase percentages and 

modeled arrival time. The latter is always later than the actual reported arrival time. 

 
Table 5-3. Parameter compositions of sensitivity analysis 

  

Code 

Parameter compositions 

Entrainment coefficient 

(EC) 

Flow internal friction angle 

(FIFA) 

Initial moisture  

(Theta) 

Analysis A 0.2-0.4 (interval:0.1) 0.5 1.2  

Analysis B 0.2 0.5-1.5 (interval: 0.5) 1.2 

Analysis C 0.2 0.5 1.2-1.8 (interval:0.3) 
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Figure 5-8. Bayi-Analysis A 
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Figure 5-9. Bayi-Analysis B 
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Figure 5-10. Bayi-Analysis C 

Based on the results of the sensitivity analysis in the three watersheds, the following can be 

concluded:  

• Out of the investigated parameters, only the entrainment coefficient (EC), Flow Internal 

Friction Angle (FIFA) have a significant influence on three modeled indicators: the arrival 

time of the debris flow, the total volume, and the solid fraction.  

• The EC variations do not produce significant changes to the modeled arrival time, as was 

the same in the other two catchments.  

• The EC variations are sensitive to the total volume in the three catchments in general. The 

entrainment process is critical to determine the final volume during the debris flow event.  

• The best-defined value of EC is different in these three catchments. Entrainment processes 

are directly related to a change in basal topography. Entrainment at the steep slope is more 

significant. Also, the loose material stop in the channel can affect the entrainment. 

Comparing with Hongchun gully and Bayi gully, the Lianhuaxin gully is relatively flat. Thus, 

the calibrated EC is relatively higher than the other two catchments.  

• The variations of FIFA also have influences on volume but not as sensitive as EC, which 

can be explained with the interaction between entrainment deposition and flow properties, 

and the effects of FIFA on volume is not as direct as EC. 

• The effects of FIFA angle with respect to the modeled arrival time is varying in the different 

catchments. This case may be affected by the steepness of the gully. The flow internal 

friction angle is more influential at relatively flat slope than the steep slope, as the high 

kinetic energy of material may counteract the effects of flow internal friction angle at the 

steep slope  

5.2.  Calibration  

This section introduced the processes of calibration for the three catchments, calibrated 

parameters, and outcomes. The calibration started in Hongchun catchment as only two parameters 
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are influential for the calibrated results. This is followed by calibration in Lianhuaxin gully since the 

calibrated FIFA was fixed, and only EC required further fine tuning. Bayi gully is the last to be 

calibrated as the specificity of the rainfall lead to more trials were required in this gully. In 

OpenLISEM Hazard the calibration of parameters is operated by multiplying these input maps with 

a scalar value.  

 

Table 5-4. Overview of the default multiplier of parameters (source: previous calibration in Hongchun) 

 Parameters  Value of multiplier 

 

 

Hydrology 

Ksat slope 0.500 

Manning’s N slopes 1.000 

Theta slopes 1.200 

Ksat channel 1.000 

Manning’s N channel 1.000 

 

 

Sediment  

Erosive power 1.00 

Transport capacity 1.00 

Settling velocity 1.00 

Soil cohesion 0.50 

Grain size 1.00 

 

 

Solid phase flow properties  

Internal friction angle 0.30 

Dynamic viscosity 1.00 

Drag force 99.99 

Solid phase friction 1.00 

Release volume 1.00 

 

Slope stability 

Soil cohesion 20.00 

Internal friction angle 2.00 

Soil depth 0.90 

 

Hongchun catchment  

Due to the limitations of information (See Table 4-3), only the simulation of 2010 events were 

calibrated. According to the outcomes of the sensitivity analysis in this catchment, the model gave 

the relative highest volume when EC is 0.25 and FIFA is 0.5 (See previous section Sensitivity 

analysis and Figure 5-2), the combination of these two values is called calibration1. However, the 

relatively lowest time error was given when EC equals 0.35 and FIFA was 0.6 (see Figure 5-3), the 

combination of these two values is called calibration2. The most influential variables, EC and FIFA 

were changed as little as possible based on the results of sensitivity analysis. The outcomes of trials 

show that the changed parameters decreased the volume accuracy a lot but affected the arrival time 

slightly. Comparing the results of calibration1 (EC=0.25, FIFA=0.5) and calibration2 (EC=0.3, 

FIFA=0.6), the two calibrated results of arrival time are close (six minutes difference). Hence, the 

decision was made to minimize the volume error as excellent as possible. The results of the final 

calibration are shown in Figure 5-11 (a: maximum debris flow height; b: volume of deposited 

sediment). The calibrated parameters are shown in Table 5-5. Compared with the actual reported 

event, the calibrated model underestimated the total volume (7.11×105 m3) with 6.54×105 m3. The 

predicted arrival time in the model is around 5 hours earlier than the actual arrival time. Through 

visual interpretation (Figure 5-11), it was found that the simulated runout distance is close to the 

actual runout distance: both end up in the Min River. However, the modeled debris flow material 
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was more widely distributed in the Min river than the actual event, including in the upstream part, 

as the model did not incorporate the powerful effect of the river.  

 

Table 5-5. Calibrated multipliers in Hongchun catchment 

Parameter Hongchun  Lianhuaxin Bayi 

EC 0.25 0.4 0.2 

FIFA 0.5 1 0.5 

SIFA 2 5 2 

Theta 1.2 1.2 1.2 

Manning’s N 1 1 1 

  

 

 
Figure 5-11. Hongchun-Results after calibration. The aerial photo was supplied by Sichuan geological 
environmental monitoring station (Xu et al., 2012) 

Lianhuaxin catchment 

Opposed to the results for Hongchun catchment, the model gave a good simulated arrival time in 

this catchment (calibration values were EC=0.4, FIFA=1, SIFA=2). Using EC 0.4 was also the 

best in terms of volume accuracy. Based on the results of the initial calibration, to further test if 
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the modeling accuracy on volume could be improved, the EC was reduced a little (to 0.35). As a 

result, the volume accuracy was only improved a little (from 79.6% to 88.2%), whereas the time 

error sharply increased. The time error did not decrease while the model started to underestimate 

the volume and volume accuracy fell when the EC continued to be reduced. For debris flow early 

warning, explicit prediction of arrival time is much more important than the exact volume. Hence, 

the best results were from the initial calibration, as shown in Figure 5-12. The calibrated parameters 

are given in Table 5-5. The model overestimates the total volume (1.77×105 m3), in contrast to the 

simulations for Hongchun, where volume was underestimated. The volume accuracy declines with 

26.5% compared with the Hongchun catchment. By contrast, the error in arrival time is only 6 

minutes in this catchment, which is considered very good. The boundary of the sediments in the 

Min River can be seen observed very poorly in the satellite image, also due to the fact that the Min 

River end in a reservoir and the materials are dispersed. The modeled debris flow heights in the 

river are quite low, as shown in the simulated debris-flow-height map. Besides, the simulated runout 

distance is close to the actual runout distance by visual interpretation. And the spread of debris 

flow material in the Min river is similar to the actual event.  
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Figure 5-12. Lianhuaxin-Results after calibration. The 08-14 satellite image from unpublished investigation 
report represents the area in the green square 

Bayi catchment  

According to the results of the sensitivity analysis, an EC value of 0.2 is the best for volume 

accuracy, after which the model overestimated the volume a little bit. However, the effect of higher 

EC value on arrival time was insignificant. To further calibrate the model, the EC was reduced as 

little as possible. The volume accuracy is sensitive to the changes of EC. When EC dropped from 

0.2 to 0.15, the accuracy decreased by about 34% (underestimation), but the difference of time 

error was only one minute. The rainfall lasted throughout the whole day on 12th August, so 

antecedent rainfall may affect the debris flow a lot. Hence, the initial water content was increased 

from 0.048 to 0.092 and 1.13 separately for calibration by changing initial input data rather than 

increase the calibration multiplier. However, the increase of initial moisture did not improve the 
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simulated arrival time in this watershed. For Bayi it was easy to obtain a correct debris flow volume, 

while the calibration of the arrival time was difficult. The calibration results were given in Figure 

5-13. The degree of overestimation of the volume is much lower than Lianhuaxin gully with only 

0.07×105 m3 (95.14%). By contrast, the predicted arrival time in this catchment is around one and 

a half hours later than the actual arrival time. The modeled runout length is shorter than the actual 

one, as the sediments stopped at the outlet area, whereas they moved further in the Dujiangyan 

reservoir in the real event. 

  

 
Figure 5-13. Bayi-Results after calibration. The photo after 0813 is from (Ma & Li, 2017) 
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5.3. Spatial transferability analysis  

The parameter values used for spatial transferability analysis are given in Table 5-6 (codes were 

given to these three catchments, Hongchun: H, Lianhuaxin: L, Bayi: B). The results are shown in 

Table 5-7, and the resulting maps in Figure 5-14, Figure 5-15, and Figure 5-16.  In terms of the 

modeled results in H, the calibrated parameters in L are higher than that in H, the model with 

calibrated parameters in L thus overestimated the volume while the influence on time error is small 

as the parameters are not sensitive to modeled time, and more sediment stopped in the channel 

with the increase of FIFA. Conversely, the calibrated parameters in B are as same as that in H 

except for EC, the calibrated model with calibrated parameters in B hence underestimated the 

volume due to the decline of EC, the changes of time error and runout distance are small. The 

calibrated parameters in H and B are lower than that in L. Hence, the calibrated models 

underestimate the volume significantly in L, and the decreasing EC and FIFA resulted in larger 

time error and less material stopped in the channel. Oppositely, the calibrated parameters in H and 

L are higher than that in B. Hence, the calibrated models overestimated the volume with the rise 

of EC, the effects of calibrated parameters in H are smaller than that of L. The modeled runout 

distance and time error did not change a lot as the parameters are not sensitive much in Bayi gully 

respecting these aspects. As the calibrated parameters in H and B are almost similar, the validation 

outcomes changed less between them compared with the outcomes with Calibrated parameters in 

L. In general, the results of cross-validation can indicate the affected scale and magnitude were 

impacted less by the transferred parameters. The volume accuracy decreased with calibrated 

parameters in other catchments. A low Cohens Kappa (0.02) was obtained in terms of volume 

accuracy. The effects of parameters on arrival time are not significant with a relative better Cohens 

Kappa (0.38), although the predicted arrival times in the model are generally unacceptable.  

 

The results of spatial transferability analysis are rather expected. Based on the results of the cross-

validation in the three watersheds, the following can be concluded: 

• When the calibrated values are applied for the same watershed (yellow boxes in Table 5-7), 

the volume accuracies are always higher than when applying calibrated values from other 

watersheds. 

• When using the calibrated values from other watersheds, the volume accuracy sometimes 

changes very drastically from overprediction to underprediction.    

• EC is the most influential parameter to volume accuracy in space. The changes of volume 

accuracy with different calibrated parameters mainly depend on the variations of EC.  

• The time error obtained when applying the original calibrated parameters is not definite the 

lowest.  

• The smaller the differences between the calibrated parameters from the same catchments 

and that from other catchments, the smaller the changes of modeled results are.  

• The changes between results obtained from original calibrated parameters and that from 

cross-validation are closely correlated with the values of parameters and the specific 

parameter sensitivity. 
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Table 5-6. parameters set up for cross-validation 

Watershed Calibrated parameters 

EC FIFA SIFA 

H: Hongchun 0.25 0.5 2 

L: Lianhuaxin 0.4 1 5 

B: Bayi 0.2 0.5 2 

   

Table 5-7. Results of cross-validation 

Modeled 

for 

watershed 

Indicators 

Volume Accuracy Time error 

Calibrated H Calibrated L Calibrated B Calibrated H Calibrated L Calibrated B 

H 91.98%  206.19%  71% -306 -345 -293 

L 66%  151.68%  42%  -170 +6 -143 

B 135.04%  248.91 105.11%  +162 +161 +163 

Note: “+” means delay; “-” means earlier; volume accuracy= (modelled volume/actual volume)×100% 

 

 
Figure 5-14. Results of cross-validation in Hongchun catchment. a,b,c: the max debris-flow height produced with 
Cali_H, Cali_L, Cali_B; d,e,f: the final sediment volume produced with Cali_H, Cali_L, Cali_B 
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Figure 5-15. Results of cross-validation in Lianhuaxin catchment. catchment. a,b,c: the max debris-flow height 
produced with Cali_H, Cali_L, Cali_B; d,e,f: the final sediment volume produced with Cali_H, Cali_L, Cali_B 

 
Figure 5-16. Results of cross-validation in Bayi catchment. a,b,c: the max debris-flow height produced with Cali_H, 
Cali_L, Cali_B; d,e,f: the final sediment volume produced with Cali_H, Cali_L, Cali_B Cali_C, Cali_A, Cali_B  
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5.4. Temporal transferability analysis 

Hongchun catchment  

The calibrated parameters for one watershed in 2010 were subsequently applied for other rainfall 

scenarios in different years. The related outcomes about temporal transferability are shown in Table 

5-8, and in Figure 5-17. Generally speaking, this model can predict the occurrences of debris flows 

over time in this watershed. The calibrated parameters made the model give a five-hour earlier 

warning in the 2010 scenario while they allowed the model to produce an excellent arrival time in 

the 2011 scenario. The earlier warning means there is enough time to take action in advance. If the 

model predicts the debris flows exactly on time, there is at most one hour for evacuation as debris 

flow material takes around one hour to transport to outlet area from the initiation area in this region 

(Guo et al., 2016). In this case, predicted rainfall should be used for model running rather than 

measured rainfall to leave more time for evacuation. The model can predict debris flows triggered 

by two-types of rainfall (Figure 5-17), namely short and intense rainfall (rainfall events in 

2010,2011,2012), and long stable duration rainfall events (rainfall event in 2013). Besides, the arrival 

times of debris flows under any scenario in the model are close (2010: 174th minutes; 2011: 130th 

minutes; 2012: 127th minutes; 2013: 129th minutes) and the shapes of the lines are similar (Figure 

5-18). Normally, the percentage of debris flow material can witness an increase then a decrease to 

indicate the occurrence of debris flows. However, the percentage of solids did not go down within 

the modeled timescale in this study. The location for time analysis can account for this question 

that most debris flow material stopped at the outlet area at the end, so the percentage of solids at 

the outlet area kept a high value within a long time.    

 

Table 5-8. Hongchun-Outcomes under different rainfall scenarios 

Year Prediction of 

occurrence 

Volume 

accuracy 

Time error Modeled time 

(mins) 

Modeled volume 

(105 m3 ) 

2010 TP 91.98% -306 174 6.54 

2011 TP ? +10 130 1.72 

2012 FP ? ? 127 2.54 

2013 TP ? ? 129 3.95 

Note: “TP”: True Positive: the model predicted the actual debris flow; “FP”: False Positive: the model predicted 

a debris flow but no event was reported; “?”: debris flow happened but no detailed information available to 

check; “-”: earlier; “+”: delay 
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Figure 5-17. Hongchun-Rainfall scenarios in different year 

 
Figure 5-18. Hongchun-Changes of solid phase over time under different scenarios 

 

Lianhuaxin catchment  

The outcomes with the calibrated parameters for the 2010 event for the different rainfall scenarios 

in the following years are presented in Table 5-9. The model predicted the debris flows in 2010, 

2011, and 2013. The modeled results in 2011 and 2013 show that some sediments deposited in the 

Min river. The results agree with the reality that the roads in the outlet area were destroyed (Table 

3-3). Although the model produced material movement in the 2012 scenario, only little material 

(0.42×105 m3 ) was moved during the simulation in the channel. Limited sediments stopped at the 

outlet area (as the percentage of solid material is around 11%, it cannot be defined as debris flow) 

Figure 5-20. When the solid-phase-percentage lines were put together, it is similar to the Hongchun 

catchment that the simulated arrival times are close to each other (2010: 486 minutes; 2011: 498 

minutes; 2013: 454 minutes). And the lines are shaped similarly, especially the section before the 

percentage of solid sediments over 15% (Figure 5-20). Figure 5-19 illustrates the triggering rainfall 
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events in different years. The rainfall in 2011 looks like that in 2012, and the duration of the 

triggering rainfall in 2013 is longer. The type of rainfall shows no effects on the shape of the solid-

phase-percentage line as the line of 2010 is analogous to that of 2011, while the line of 2012 is 

absolutely different from that of 2011. 

 

Table 5-9. Lianhuaxin-Outcomes under different rainfall scenarios 

Year Prediction of 

occurrence 

Volume 

accuracy 

Time error Modeled time 

(mins) 

Modeled volume 

(105 m3 ) 

2010 TP 151.68% +6 486 2.26 

2011 TP ? ? 498 0.42 

2012 TN - - - 0.54 

2013 TP ? +4 454 1.03 

Note: “TP”: True Positive: the model predicted the actual debris flow; “TN”: False Positive: the model predicted 

a debris flow but no event was reported; “?”: debris flow happened but no detailed information available to 

check; “-”: debris flow did not happen; “+”: delay 

 

 
Figure 5-19. Lianhuaxin-Changes of solid phase over time under different scenarios 

 
Figure 5-20. Lianhuaxin-Changes of solid phase over time under different scenarios 
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Bayi catchment  

The results of the modeling in the Bayi watershed for different years are listed in Table 5-10. The 

different rainfall scenarios are shown in Figure 5-21. The patterns of the three rainfalls are all quite 

different. The triggering rainfall in 2010 experienced over ten-hour blank rainfall periods between 

the intense hourly rainfall. The intensity of triggering rainfall in 2011 was lower, and the interval of 

rainfall was not as long as that in 2010. Adversely, the rainfall in 2013 was more stable and low-

intense on the whole. The rainfall pattern affected the shapes of solid-phase-percentage lines visibly 

in this catchment (Figure 5-22). According to the debris flow inventory, there were no debris flows 

happened in 2011 and 2013. The model predicted a debris flow under the 2011 scenario. However, 

the total volume of this event was low with only 0.44×105 m3 . Most sediments just moved and 

stopped in the channel, and limited material was sedimented close to the outlet area. In reality, the 

debris flow materials blocked the road at the outlet area. The model did not produce debris flows 

in 2013 when there was no debris flow happen.  

  

Table 5-10. Outcomes under different rainfall scenarios 

Year Prediction of 

occurrence 

Volume 

accuracy 

Time error Modeled time 

(mins) 

Modeled volume 

(105 m3 ) 

2010 TP 105.11% +162 1062 1.44 

2011 TP ? ? 609 0.44 

2013 TN - - - - 

Note: “TP”: True Positive: the model predicted the actual debris flow; “TN”: T Negative: the model did not predict 

a debris flow and no event was reported; “?”: debris flow happened but no detailed information available to 

check; “-”: debris flow did not happen; “+”: delay 

 

  
Figure 5-21. Rainfall scenarios in different year 
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Figure 5-22. Changes of solid phase over time under different scenarios  
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6. DISCUSSION, CONCLUSIONS AND 
RECOMMENDATIONS 

6.1. Discussion  

This section discusses the key findings and the main limitations of this study. The following critical 

findings will be discussed:  

1) The sensitivity of parameters is not only specific in different models but also specific in 

different watersheds; 

2) The model is not transferable between catchments in space respecting prediction of debris-

flow volume, runout distance, and arrival time; 

3) The model is capable with the applicability over time to predict the occurrence of debris 

flows in one catchment; 

4) The significance of the rainfall pattern to the arrival time is weakened in this model. But 

rainfall is still a critical aspect to predict the exact arrival time of debris flow; 

5) Overall aspects related to the use of the physically-based model for debris flow early 

warning.  

 

The outcomes of the parameter sensitivity analysis indicate that the sensitivity of parameters is 

specific not only for the specific model used (OpenLISEM Hazard) but also in the different 

watersheds. Contrarily, most previous research only evaluated the sensitivity of the parameter in 

terms of the model without considering the watershed-variability of parameters (Hessel et al., 2002, 

2003; Mergili et al., 2012; Zieher et al., 2017). There is a variety of effects of these parameters on 

different watersheds. The entrainment coefficient and internal friction angle provide significant 

changes to the spatial transferability of parameter values. Even though it was initially thought that 

the study catchments have a good similarity, there are still some differences between them. One 

important difference is the slope that the average slope of Lianhuaxin is flatter than other two 

gullies. As shown in the section of Sensitivity analysis, the entrainment coefficient and flow internal 

friction angle are more sensitive in the Lianhuaxin gully than in the other two, and the calibrated 

entrainment coefficient is higher than the other two gullies. And the arrival time in the Lianhuaxin 

catchment is significantly affected by the flow internal friction angle. While these parameters have 

limit or no effect in the other two catchments. Another major difference between them is the 

vegetation that the quantity of vegetation in Hongchun is less than the other two gullies. Hence, 

theta is extreme sensitivity to the reproduction of debris flow processes in Hongchun while it is 

insignificant in the other two gullies. 

 

The scores of Cohen's kappa respecting the volume (0.02) and time accuracy (0.38) (section of 

Spatial transferability) show that the spatial transferability of parameters between these simulations 

is not very high. This is caused predominantly by the entrainment coefficient, which is the most 

influential parameter to the modeled volume. Its effects can dominate the impacts of other 

parameters on volume accuracy. And the slight differences between calibrated EC in different 

catchments can result in a strong decrease in volume accuracy. In terms of the spatial transferability 

respecting arrival time, the calibrated parameters are insensitive to the modeled arrival time in the 
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study sites except for Lianhuaxin gully. The Cohen’s kappa with respect to time accuracy is better 

than that of volume accuracy. This result contradicts the claims of Shrestha et al. (2007) that the 

calibrated parameters are transferable between watersheds in a similar physiographic region. But 

only discharge was evaluated in Shrestha’s research. Besides, the prediction of the debris-flow 

volume based on calibration is an achievable and most reliable goal that the model can achieve. At 

least the model can indicate the affected areas generally with calibrated parameters from other 

catchments. In fact, the exact prediction of the volume is not much critical for early warning as it 

will not affect the decision of evacuation. The spatial transferability regarding arrival time is 

acceptable as the parameters are insensitive to modeled arrival time besides Lianhuaxin. However, 

the performance of the model on the prediction of the exact arrival time is not very good, and the 

model results are specific in different watersheds. For the Hongchun catchment, the model always 

gave a warning earlier than the actual event. By contrast, the model always presented delayed 

warning time in the Bayi catchment. In the Lianhuaxin catchment, the calibrated models with 

calibrated parameters from other watersheds gave earlier warning time of actual event. Actually, It 

is better to predict earlier warning than the exact time for warning as the former one can leave 

more time to react and evacuate. Besides, the influences of the parameters on the arrival time are 

watershed-specific in space.  

 

The temporal transferability of the model respecting arrival time and debris flow occurrence is 

different from what was expected. The application of the calibrated model for the 2010 event to 

later event resulted in correct predictions of the occurrence of debris flows. We didn’t expect this 

since the conditions in the watershed had changed considerably in the years after the earthquake. 

In line with this result, although for a completely different process, Macdougall & Flowers (2011) 

found a model for glacier melt that could be applied over time without recalibration. The 

OpenLISEM Hazard model gave the accurate arrival time even with calibrated parameters in 

different years in the Hongchun and Lianhuaxin catchments. Although the problem of 

overestimation exists for the occurrence of debris flows. And the one over-predicted debris flows 

in Lianhuaxin cannot be defined as debris flows absolutely as the few materials just moved in the 

channel, the percentage of sediment that deposited close to the outlet is only 11%. This problem 

might be alleviated by decreasing the entrainment coefficient, which should be reduced due to two 

reasons. The first one is that the calibrated entrainment coefficient in 2010 overestimated the 

volume of the debris flow that happened in the same year. The second reason is that a lot of loose 

material transported to the outlet area during previous debris flow processes, less loose material 

either in the channel or on the slope can contribute to the entrainment process during later debris 

flow. Besides, it is remarkable that the arrival times were reported at the same model-running times 

in the Hongchun and Lianhuaxin catchment under different rainfall scenarios. Two possibilities 

might be able to answer why the arrival time occurred at a similar model-running time in different 

rainfall scenarios. The first one is that the effects of the rainfall patterns were weakened in this 

model. However, the influences of the rainfall pattern on time were presented in the Bayi gully.  

Another reason is that what this study analyzed was the arrival time, which not only relies on the 

rainfall pattern but also the soil properties and slope. Hence, the soil properties and slope may play 

a significant role in determining the arrival time. However, there is basically limited soil information 

available and large uncertainty in relation to the considered changing factors over time exist. And 

OpenLISEM Hazard is missing groundwater dynamics, also based on earlier rainfall is done very 
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simply. More extensive and detailed analysis should be done on how influential the soil properties 

to the time prediction. 

 

Comparing the rainfall scenarios 2011 and 2012 in Lianhuaxin, and 2012 and 2013 in Hongchun, 

we can find the similar rainfall events (2011 and 2012 in Lianhuaxin) performed differently in the 

model that rainfall in 2011 triggered a debris flow while that in 2012 did not. While the rainfall 

events with different patterns (2011 and 2012 in Hongchun) gave the arrival time of debris flows 

at a similar model-running time in the model. Hence, it seems that the integrated effects of the 

rainfall pattern were weakened in this model. Rainfall intensity is a very significant aspect to induce 

debris flows, and the model almost produced debris flow in any rainfall scenarios with relatively 

intensive rainfall, but the model did not produce debris flow in Bayi in 2013. Hence, more tests are 

required to check whether the model is built so that it may be easier to produce debris flows with 

lower precipitation threshold. Besides, the different patterns of triggering rainfalls show no effects 

on the transferability of the parameters of the model. The calibrated parameters in Bayi did not 

show significant effects on the other two watersheds, especially related to time. And the calibrated 

parameters from the other two watersheds did not affect the modeled arrival time in Bayi. 

Calibrated parameters seem to be applicable under different rainfall events over time. However, 

the influences of antecedent rainfall are difficult to really take into account in the model as 

OpenLISEM Hazard was designed to run with a short time scale. 

 

When the physically-based models are applied for debris flow early warning, there are several 

aspects that need to be considered. The first one is to determine ROC curves (receiver operating 

characteristic curves) for the prediction of debris flows. The purposes of it are to figure out how 

often does the model predict debris flow correctly, how often does the model predict but there is 

no debris flow, and how often was there a debris flow that was not predicted. To obtain the curves, 

the model needs to run for many days to calculate the false positive rate and the false negative rate. 

However, it would be problematic as the model runs are time-consuming, and there is no sufficient 

information to support the calibrations. And uncertainties exist in the reported information for 

calibration, such as volume, time of occurrence, etc. The solution to this problem heavily relies on 

excellent debris flow inventory. Nevertheless, the model performed well on the prediction of debris 

flow over time in this study. Besides, rainfall is a significant but problematic issue for the prediction 

of debris flows in the model. The spatio-temporal variability of rainfall patterns in the mountainous 

area plays a critical role in affecting the prediction of debris flows in the model. To overcome this, 

the measures for collecting rainfall data should be improved to eliminate the variabilities. And with 

rainfall measurements, we can only do now casting rather than forecasting. Hence, the model needs 

to run with predicted rainfall that has even more spatial issues and uncertainties. The question of 

how the model performs with predicted rainfall only can be answered in practice. However, the 

results show that the transferred model in space and over time was functional to predict the 

occurrence of debris flows in different rainfall scenarios. The last aspect is how to use the outcomes 

from the model. If the model predicts the arrival time of debris flows correctly or too late, then 

there is too little time or no time to take action, and the early warning is not effective. Thus, only 

when the prediction is ahead of the actual debris flow, and always ahead, then the warnings given 

by the model can be used effectively. Besides, the warning should be delivered firstly to related 

institutions to further check the reliability of the warning by considering the antecedent rainfall, the 
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rainfall threshold, and information delivered monitoring devices (if they are in function) 

synthetically. After that, the warning should be communicated to the people at risk to move to 

safer places temporally. It is possible that the model gives many false positives to make people relax 

their vigilance. In this case, the model should be recalibrated with recent debris flows and the input 

parameters should be updated with measured data in the field. Actually, regular updating should be 

carried out over time as the soil properties change significantly either in a long period or by human 

activities.  

 

Some limitations hindered the spatio-temporal applicability of the model in debris flow simulation, 

respecting volume and time prediction, which will be explained further below:  

1) The lack of adequate input data; 

2) The lack of adequate validation data; 

3) Errors and uncertainties related to the calibration data; 

4) The uncertainties of rainfall data; 

5) Uncertainties related to the assumption of variables over time; 

6) The limitations of the model caused by the model assumptions.     

 

The lack of adequate input data 

The lack of input data was a major limitation in this study, which was not expected at the start, as 

this is one of the most studied areas in relation to post-earthquake debris flows in the last decade. 

However, limited field investigation for soil properties has been done in the gullies except for 

Hongchun, the soil properties used in most previous research are from the soil investigation in 

another gully (Shaofang gully) in the Wenchuan area after the earthquake. Even if there are some 

field measurements have been done in the other two catchments by local engineering companies, 

the reliability of the dataset is hard to ensure. And no field works have been done to update the 

soil properties over time. Besides, time-series elevation data is unavailable in the study area. To 

overcome this, the data from neighboring catchments were adopted to present the soil properties 

in these watersheds. The DEM used for modeling in Bayi is the previous elevation data, while the 

DEM used in Lianhuaxin and Hongchun were derived in 2014, 2017. The depth of the soil layer 

was estimated by physical and empirical relationships. And the depth of loose material was derived 

from depths of co-seismic landslides. The geotechnical and hydrological properties of soil are 

averages taken from literature values. The question is: can these mixed datasets extracted from 

different catchments, and different times approximately represent the real geo-environments?  Of 

course, these data are imperfect but using imperfect data for debris flow research is reality. It is 

hard to answer how largely the input data affect the modeled result. However, it is the best 

estimation we can do for the input data.  

 

Besides, the advantages of the OpenLISEM hazard model were not taken fully into consideration 

due to the scarcity of some input data. Various factors are integrated in this model for slope stability 

analysis, such as surface objects, root cohesion of different vegetation, and spatial variability of soil 

properties, etc. In this research, the influences of engineering objects such as check dams were 

excluded, the root cohesion and soil properties were treated as averages value across the whole 

watershed, and very limited samples for soil properties measurements were collected from 

deposited loose sediments or the channel in the different watersheds. These may influence the 
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simulated volume and runout distance. Besides, the OpenLISEM Hazard software can also simulate 

the changes in the groundwater situation. This was not done for the watersheds before the debris 

flow simulation in order to simplify the work, as the model running time would be too large. 

Therefore, the influence of antecedent rainfall was ignored.  

 

The lack of adequate validation data 

The lack of calibration data and validation data also hindered the transferability analysis. Limited 

information on the actual debris flow occurrence times in time series, and the magnitude of the 

debris flows was recorded correctly, some of which only can be collected in the news. The reliability 

of this kind of data source is hard to check. And it is more difficult to collect the information for 

small debris flows. The cross-validation could not be carried out always to analyze the temporal 

transferability of parameters. And the most influential parameters regarding temporal transferability 

could not be evaluated due to a lack of accurate debris flow occurrence time and volumes. And 

after 2010, the government constructed large debris flow mitigation works in the watersheds. 

Hence, the model calibrated in 2010 should be recalibrated. However, there are no more recent 

debris flow events to calibrate them with. So, the debris flow prediction for post-construction time 

periods is difficult. 

 

Errors and uncertainties related to the calibration data 

Errors and uncertainties are involved in the reported data on debris flow volume and occurrence 

time. The actual volume was estimated roughly from either satellite images or changes of DEM by 

local engineering companies and previous research (e.g., Tang, 2019). The estimated volume does 

not precisely present the actual volume. For example, in the Lianhuaxin catchment, the debris flow 

material deposited in the dammed lake was not included in the final volume. However, the model 

did not consider the rupture of the dam lake. Hence, the model overestimated the final volume 

compared with the actual volume. The accuracy of volume prediction was affected. Also, the 

reporting times of debris flows were ambiguous. The source of time reporting is critical for the 

assessment of the accuracy of the time prediction using the model. For instance, the arrival time 

was defined as the time when local people heard the noise, or when local people saw the moved 

material around the outlet area, and then reported it to the local government. This time may have 

considerably errors. This may have led to either underestimation or overestimation of time in the 

model. Yang et al. (2019) suggested that the time recorded in the inventory refers to the arrival of 

the sediments in the outlet area. And in most catchments, the debris flows were able to reach the 

outlets from their initiation points within one hour (Guo et al., 2016b). Although video cameras 

had been installed in the gullies after the earthquake, most of them were destroyed in previous 

hazards or was not in function. Thus, there were no time records for debris flows in 2011 and 2013. 

The times used for these debris flows were derived from the news. The details of the information 

were unavailable.  

 

Besides, the calibrations in this study were conducted manually, only using a limited number of 

model runs. Hence, parameters were only tested with limited values. However, equifinality that 

different compositions of parameters may result in similar results may lead to different results of 

the cross-validation. This is an inevitable limitation in the transferability analysis in this study. 
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The uncertainties of rainfall data 

An important condition for the transferability of simulation parameters and accurate time 

prediction is the accuracy of rainfall data. The employed rainfall recordings were from rain gauges 

established within the catchment channel or near the catchment. Significant spatial and temporal 

variations may exist in one watershed, as patterns of rainfall in mountainous areas are extremely 

inhomogeneous (Marra et al., 2017). Yang et al. (2019) indicated that these rainfall recordings are 

not equal to the actual triggering rainfall events and cannot promise the runout distance. How 

much the errors in the rainfall scenarios can affect the final modeled results is hard to answer due 

to a lack of available high-resolution spatial rainfall patterns. It is believed that calibration is 

effective in decreasing the effects of rainfall data as much as possible.   

 

Uncertainties related to the assumption of variables over time 

The changes of elevation, depth of loose material, vegetation cover, and root cohesion over time 

were considered based on modeled results from last debris flows in the study. How exactly they 

can present the actual changes over time is unknown. And grain coarsening also plays an important 

role in the processes of debris flows (Domènech et al., 2019). However, this aspect was not 

considered in this study. Besides, the dynamics of the entrainment coefficient are more complex 

than the changes with the variables. Nevertheless, the assumptions were made as proper as possible 

in this study. And the model performed well in the prediction of debris flow occurrence over time.  

 

The limitations of the model caused by the model assumptions 

OpenLISEM hazard is an event-based model, thus neglects the long-term physical processes, such 

as lateral groundwater flow and evaporation. These processes are related to slope stability 

simulation in the model if considered over a long period. However, the occurrences of debris flows 

are not only controlled by the triggering rainfall as also other factors are relevant such as the 

influences of previous rainfall. Cornelis and Gabriels (2003) indicated that surface moisture affect 

the entrainment of soil by wind significantly, although it is hard to quantify. Iverson et al. (2011) 

proposed that the momentum grows pronounced during entrainment at wet bed sediment. It is 

worth to further study the relations between initial moisture patterns to entrainment prediction 

during debris flow processes. 

6.2. Conclusions and recommendations 

The purpose of this study is to analyze the spatio-temporal transferability of the physically-based 

model with respect to the volume, runout distance, and arrival time, which are useful criteria in 

debris flow early warning. To achieve this goal, the input geotechnical and hydrological parameters 

were collected from previous research reports. The cross-validations were made for event-based 

calibrated models between three similar watersheds, and calibrated models were validated in four 

years after the earthquake in one catchment.  

 

The first critical conclusion is that the model is capable of predicting the occurrence of debris flow, 

magnitude and arrival time when the model parameters are spatially transferred. The internal model 

parameters can significantly affect the accuracy of the reproduced volume of debris flows. In 

general, the entrainment coefficient is the most effective parameter to affect the transferability of 

the model. Sometimes, these parameters can be more influential than the rainfall patterns. Besides, 
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the performance of the model on the prediction of exact arrival time is problematic, which is closely 

related with the rainfall data. However, the calibrated model can predict the occurrence of debris 

flow correctly over time. In general, the model gives earlier warnings in the study sites when the 

modeled volume is the best. Earlier warnings are better than the exact prediction of arrival time so 

that more time is available for evacuation, and then the warning is effective. For the application of 

the physically-based model on early warning, the parameters should be carefully selected and 

calibrated when applying them to other catchments, and the calibrated arrival time should be earlier 

than the actual time. Furthermore, it can be considered that whether the actual arrival time of debris 

flow is earlier than the modeled time, especially when the antecedence rainfall may affect the 

occurrence of debris flow a lot, and predicted rainfall is used for early warning. Besides, regular 

updating of the input data should be made within a period (at least every four years). In contrast, 

the changes made by human activities should be considered for model simulation immediately.  

 

For future research, it is recommended to focus first on the build-up of better debris flow 

inventories. The most problematic issue is that most areas will not have many debris flows, the 

data on past events might be incomplete to allow to test the performance of the model in the area. 

Currently, the inventory is not detailed enough to be employed as a validation tool to check how 

good the model can predict the debris flow events. And the transferability analysis might be 

affected by the scarcity of such an inventory. The creation of an inventory should rely on additional 

field observations and real-time monitoring, preferably using video cameras. The inventory should 

include as much information about the debris flows as possible, especially the information on the 

timing, discharge, and speed. After a better inventory has been created, firstly the calibrations for 

specific events and catchments should be done carefully, to analyze the spatial transferability of the 

model. Secondly, it is recommended to quantify the similarity of watersheds in the future to 

evaluate how relevant spatial transferability of parameters is for different watersheds that seem 

similar. Thirdly, it is advised to analyze which geo-factor is the most influential for spatial 

transferability. Fourthly, the calibrated model should be applied over time for a more extended 

period to check how the spatial transferability changes with time and how often the model can give 

warnings over time correctly. Additionally, the impacts of soil properties and rainfall patterns 

towards arrival time need to be further studied by more extensive modeling. These are helpful to 

improve the physically-based models on debris flow analysis and apply them to early warning 

widely.   

 

This study also showed that the meteorological dataset in the Wenchuan area is not accurate enough 

to serve for debris flow early warning. It is therefore recommended to install some rain gauges 

close to the initiation area of the debris flows. Maintenance of these rain gauges is the main problem 

to ensure the reliable rainfall data is available for a long time. More equal the rainfall recordings to 

the true triggering rainfall, the more reliable the warning is. The available rainfall data may cause 

early or late warnings in the model. The accuracy of rainfall prediction and the use of these data as 

input for modeling are even more important for debris flow early warning. Hence, robust means 

of the meteorological forecast should be developed and applied for early warning. Besides, it is 

advised to apply automatic calibration instead of manual in future research to extract the best 

composition of calibrated parameters, which helps to decline the error to transferability analysis 

caused by the randomness of calibration. 
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If the model is planned to be used for early warning, it is suggested that extra soil samples and field 

measurements should be taken at least regionally. And a high-resolution DEM should be collected 

for this purpose. This data can be utilized to improve the model input, thus, to enhance the ability 

of the model on debris flow early warning. And it is necessary to make sensitivity analysis before 

applying any physically-based model to the early warning at any catchment as the sensitivity of 

parameters is model- and catchment-specific.  

 

Overall, the physically-based model shows good applicability in space and over time in terms of 

occurrences and scales of debris flows in the earthquake-stricken area. However, the prediction of 

the exact volume is affected a lot by the calibrated parameters in space. And the effects of rainfall 

on the time simulation needs to be further studied, and such models should always be combined 

with observation-based early warning. 
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