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Quantify the effect of antecedent effective 
precipitation on rainfall intensity‑duration 
threshold of debris flow

Abstract  α and β are the two key parameters of the rainfall inten-
sity-duration (ID) threshold curve for debris flow; the antecedent 
effective precipitation (AEP) poses influence on the ID threshold 
curve through changing α and β. It is critical to explore the cor-
relations of α ~ AEP and β ~ AEP in order to quantify the influ-
ence of antecedent precipitation on ID threshold. However, the 
quantitative relationship between the AEP and the two parameters 
is still undetermined. In this study, a hydrological process–based 
numerical model that can derive the ID threshold curve is adopted 
to address this issue. Jiangjia Gully (JJG) in Dongchuan District of 
Yunnan Province, China, was chosen as the study area. The analysis 
results show that a higher AEP can provide favorable hydrologi-
cal conditions for runoff generation and solid material resource 
recharge in JJG, but it do not always mean that the ID threshold 
condition for triggering debris flow is decreased. As for JJG, only 
after AEP > 40 mm, the AEP and ID threshold condition for trig-
gering debris flow will be completely negatively correlated; when 
15 mm ≤ AEP ≤ 40 mm, the solid material supply is rapidly increased 
by the AEP, a stronger hydrodynamic condition is required to trans-
form them into debris flow meaning that the ID threshold condition 
for triggering debris flow is enhanced in JJG, and this positive cor-
relation between them persists until the two ID threshold curves 
intersect in the I-D coordinate system. AEP will significantly change 
the position of the threshold curve in the I-D coordinate system, 
and the change law of the position of the ID threshold curve can 
be described by the functions of α ~ AEP and β ~ AEP. Due to the 
two functions, the ID threshold curve can regularly move in the I-D 
coordinate system rather than a conventional threshold curve stay 
the same regardless of AEP variation; it is beneficial to improve the 
prediction capacity of the ID threshold.

Keywords  Antecedent effective precipitation · ID threshold · 
Debris flow · Debris flow density

Introduction
Precipitation affecting debris flow formation includes triggering 
rainfall and antecedent effective precipitation (AEP) (Chen et al. 
2005, 2018; Oorthuis et al. 2021). Increased AEP has been shown to 
enhance rainfall-induced runoff in various environments (Tisdall 
1951; Luk 1985; Le Bissonnais et al. 1995; Castillo et al. 2003; Jones 
et al. 2017). Additionally, AEP decreases the shear strength of the 
loose soil mass in a debris flow gully, enhancing the supply rate of 
the solid material required for debris flow formation (Lehmann and 
Or 2012; Ruette et al. 2014). The rate of runoff generation and supply 
of solid material will directly influence the difficulty of triggering 

debris flow for the next following rainfall process. It can be seen 
that AEP has an important effect on the rainfall threshold of debris 
flow. Consequently, quantifying the effects of AEP on the rainfall 
threshold is helpful to improve the prediction precision for debris 
flow (Chen et al. 2018; Zhao et al. 2019; Hirschberg et al. 2021).

A rainfall threshold is generally a fixed value of some rainfall 
parameter such as cumulative rainfall, hourly rainfall intensity, or 
AEP (Marra et al. 2017); alternatively, it can be a curve of two rain-
fall parameters (Peres and Cancelliere 2014), such as the rainfall 
intensity–rainfall duration threshold curve (Caine 1980) and rain-
fall intensity–antecedent rainfall curve (Long et al. 2020). The most 
investigated threshold is the intensity (I) versus duration (D) curve 
(Crosta and Frattini 2003; Cannon et al. 2008; Guzzetti et al. 2008; 
Berti et al. 2020), which has the form I = αDβ, where I represents 
the average rainfall intensity, D represents the rainfall duration, 
and α and β are empirical parameters. Segoni et al. (2018) analyzed 
the rainfall thresholds of landslides and debris flows reported in 
107 articles and found that the threshold model based on the ID 
threshold curve accounted for the highest proportion, approximately 
48.6%. Empirical and process-based methods are commonly used 
to derive the ID threshold curves of debris flow (Segoni et al. 2018). 
The empirical model workflow is as follows: debris flow events and 
the associated rainfall in a target area are collected, and the I and D 
values of each rainfall process that triggered a debris flow event are 
calculated. D and I are plotted on the x and y axes, respectively, and 
the ID threshold curve is fitted using these data. As for the process-
based methods, a physical parameter (P) that can represent debris 
flow occurrence in a gully is first chosen. During a rainfall process, 
P changes because of hydrological processes such as rainfall infil-
tration and runoff. Then, a numerical model is built to calculate P 
by inputting different rainfall conditions, the [Di, Ii] data for which 
the calculated value is equal to Pis collected during model calcula-
tions. These collected data are then used to fit the threshold curves 
(Long et al. 2020). Papa et al. (2013) proposed that the total area (S) 
of shallow landslides induced by rainfall in a gully plays an impor-
tant role in debris flow formation. Therefore, the ratio of S to the 
catchment area is used as P. The TRIGRS model (Baum et al. 2002, 
2008) and a rainfall scenario simulation are used to calculate P and 
search for the combination of all [Di, Ii] at which the calculated Pi 
is equal to a preset value. The ID threshold curve corresponding to 
the preset P is fitted by using these collected data. Although shal-
low landslides induced by rainfall are very important for debris 
flow formation, the effect of hydrodynamic conditions provided by 
rainfall-induced runoff on debris flow formation cannot be ignored. 
Scholars have argued that a water-soil mixture in a gully can be 
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formed by coupling between the rainfall-induced solid material and 
runoff (Church and Jakob 2020). The debris flow density represents 
the fluid characteristics of the mixture and can be used to incor-
porate the two major factors (rainfall-induced loose solid material 
and rainfall-induced runoff) that affect debris flow formation into 
numerical simulation models (Long et al. 2020). A numerical model 
is developed to correlate rainfall parameters with the debris-flow 
density (Zhang et al. 2020), which was denoted as Dens-ID here; 
the ID threshold curve of debris flow then can be constructed in the 
physical framework. The ID curve fitted by Dens-ID reportedly has 
a shape similar to that of the statistics-based curve. The precision of 
debris flow prediction by Dens-ID in Jiangjia Gully (JJG) in Yunnan 
Province, China, is approximately 80.5%, which is 27.7% higher than 
that of the statistics-based ID curve (Zhang et al. 2020).

The influence of AEP can be intuitively shown as changes in the  
positions of the ID threshold curves in the I-D coordinate system. 
α and β are the two key parameters of the ID threshold curve 
of debris flow; they can reflect the variability of geological and 
hydrological conditions (Berti et al. 2020) and also can determine 
the position of the ID curve in the I-D coordinate system.  
Consequently, exploring the correlation of α ~ AEP and β ~ AEP  
is critical for quantifying the effect of AEP on the ID threshold;  
however, an equation that describes the quantitative evolution of 
each parameter (α or β) with AEP has not been derived. Some  
studies have used the relationship between daily rainfall and antecedent 
rainfall (Kim et al. 1991; Glade et al. 2000; Dahal and Hasegawa 2008; 
Giannecchini et al. 2012) or a combination of daily rainfall intensity 
and rainfall duration (Hasnawir and Kubota  2008; Khan et  al.  
2012; Zhao et al. 2019; Kim et al. 2021; Yang et al. 2020) to investigate 
the effects of AEP on the rainfall threshold. However, all of these 
studies lack a quantitative description of the effect of AEP on the 
rainfall threshold due to complex field conditions (Berti et al. 2020).

To quantify the effect of AEP on the ID threshold curve, JJG 
in Yunnan Province, China, was chosen as the study area, and the 
Dens-ID was used to build its ID threshold curve database. The 
mechanism by which AEP affects the ID threshold curve is thor-
oughly discussed using this database, and equations for the func-
tions describing the relationships between AEP and the parameters 
α and β were derived through data analysis.

Methods

Dens‑ID
Shallow landslides and bed erosion are the two main sources of 
debris flow material; both may be present in the same gully, but 
one type is always dominant (Gabet and Mudd 2006; Berti and 
Simoni 2005; Coe et al. 2008; Long et al. 2020). Debris flow gul-
lies with shallow landslides as the source of solid materials are 
widely distributed in southwestern China (Zhang et al. 2020). 
Dens-ID focuses on landslide-dominated supply and is designed 
to derive the ID threshold curves of debris flow by calculating the 
debris flow density in rainfall scenario simulations. The key func-
tion of this model is to correlate debris flow density with rainfall 
parameters, as described by Zhang et al. (2020) and Long et al. 
(2020). Debris flows are complex mixtures of water, fragmented 
rock, and sediments of all sizes (Chmiel et al. 2020). Dens-ID 

simplifies this complex non-uniform flow (Iverson et al. 1997) as 
a water-soil mixture. The runoff and solid material are taken as 
the two parameters contributing to debris flow formation. Using 
these two parameters as the inputs of Eq. 1, Dens-ID can calculate 
the density of the water-soil mixture.

where ρmix is the density of the water-soil mixture, ρw is the water 
density, ρs is the density of soil particles, and Vmix is the volume of 
the water-soil mixture, which is the sum of Vw and Vs. Vw and Vs 
are the key variables for correlating the debris flow density with the 
rainfall parameters, which can be derived by pixel-based hydrologi-
cal simulation (Long et al. 2020).

Based on a digital elevation model (DEM) of a debris flow gully, 
Dens-ID uses the theory of runoff generation from excess precipi-
tation to control the infiltration boundary in the topsoil (Zhang 
et al. 2014a). It then simulates the vertical water movement within 
the soil mass using the differential equation of Richards (1931). 
Governing equation of infiltration border:

Richards’ differential equation:

where θ is the soil–water content; D(�) = K(�)∕(d�∕d�) is the 
soil–water diffusivity; z is the soil depth, which is positive down-
ward along the soil depth, taking the topsoil as the origin; K(�) is 
the hydraulic conductivity; I(t) is the rainfall intensity; and � is the 
soil matric suction.

After the hydrological simulation, Dens-ID outputs the water-
soil content θ(i, t), soil matric suction ψ(i, t), and runoff depth 
dw(i, t) for each pixel of the DEM. Dens-ID then calculates Vw(t) 
using the runoff depth dw(i, t), as shown in Eq. 4.

where n represents the total number of grid cells that can gener-
ate runoff at time t, Sg represents the area of each pixel, and Vw(t) 
represents the total volume of runoff in a gully at time t. Using θ(i, 
t) and ψ(i, t) as inputs, Dens-ID adopts the infinite slope model 
(Zhang et al. 2014b, 2018, 2021; Liu et al. 2016) to calculate the unsta-
ble depth of each grid cell ds(j,t). It then calculates Vs(t) using ds(j, 
t), as shown in Eq. 5.

where m represents the number of grid cells that can provide solid 
material at time t, and Vs(t) is the total volume of solid material in 
the gully at time t.

The mixture density can be derived by substituting various 
rainfall parameters, including rainfall intensity (I) and rainfall 
duration (D), into the right side of Eq. 2. Then, Dens-ID can cor-
relate the rainfall parameters with the debris flow density.
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Derivation of ID threshold curve using Dens‑ID

In nature, debris flow with a density ρmix can be triggered by 
high-intensity or long-duration rainfall. Inputting rainfall sce-
narios with different combinations of [Ii, Di] into Dens-ID makes 
it possible to simulate debris flow initiation by rainfall in nature. 
Using a given density value (ρmix) during the calculation, Dens-ID 
collects all the [Ii, Di] data that meet the conditions of the rainfall 
scenarios (Fig. 1). That is, when the selected [Ii, Di] are used as 
input, the output of the model is equal to ρmix. The collected [Ii, 
Di] values represent another data group, which is referred to as 
a rainfall parameter set. Each data point [Ii, Di] corresponds to a 

unique value of ρmix within the density set; thus, the correlation 
between the rainfall parameters and debris flow density can then 
be established by Dens-ID. An ID curve can then be fitted through 
the collected [Ii, Di] data to show the relationship between I and 
D. Each fitted ID curve corresponds to a unique ρmix within the 
density set, which is also considered to be the iso-density line 
(Zhang et al. 2020). The ID curves corresponding to a density 
value ρmix are fitted as follows:

Step 1: A typical density value was assigned to ρmix; it can be 
determined after analysis of observation debris flow data, and 
assign a value to the AEP to Dens-ID.

Fig. 1   Flow chart of model calculation for obtaining [Ii, Di] data
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Step 2: Assign a value to Ii, which generally represents the aver-
age rainfall intensity of a rainfall process that can trigger a 
debris flow and is held constant until the calculations in Step 4 
are complete. The initial value of Ii is set to 1 mm/h. When Step 
4 is complete, Ii is increased by 0.5 up to ID=1. At ID=1, a debris 
flow with density ρmix can be triggered in the gully when D = 1.
Step 3: Under constant Ii, the calculation time of the model starts 
at t = 1 h and increases by 1 h at each calculation step until t = Di, 
where Di represents the rainfall duration required to trigger a 
debris flow with density ρmix. After t = Di, the model calculation 
for a given Ii is complete.
Step 4: Repeat Steps 2 and 3 and collect the Ii and Di values at 
which Dens-ID outputs the preset ρmix. When the rainfall inten-
sity Ii increases to ID=1, the calculation for a given AEPi is com-
plete. Thus, the data set of Ii and Di for a certain AEPi is obtained, 
and the corresponding ID threshold curve can be fitted using 
these data.
Step 5: Repeat Steps 2, 3, and 4 and collect the Ii and Di values. 
When AEP reaches the preset maximum value, the calculation 
for a given ρmix is complete.

Calculating the AEP using the observed rainfall data

The AEP was calculated as the weighted sum of rainfall periods 
before a debris flow (Long et al. 2020) and is expressed as follows:

where the AEP is the antecedent effective rainfall; K is the attenu-
ation coefficient, which is equal to 0.78 according to a field test in 
JJG (Cui et al. 2003); n is the number of days preceding the debris 
flow, Ri is the rainfall (mm) during day i.

Study area and data collection

Jiangjia Gully
JJG is located in the Dongchuan district of Kunming City, Yunnan 
Province, China, and is the primary tributary of the Xiaojiang River. 
JJG has a drainage area of 48.6 km2, and its elevation ranges from 
1040 to 3260 m (Fig. 2). The terrain in JJG is steep; the relative relief 
between the ridge and valley is approximately 500 m, and most 
slopes have a gradient exceeding 25°. Menqian and Duozhao gullies, 
which are shown in Fig. 2, are the two main tributaries and account 
for 64.7% of the entire drainage area. Menqian Gully constitutes 
the initiation zones of debris flow in JJG (the initiation zone is sur-
rounded by a lack curve in Fig. 2), and its channels are typically 
narrow and V-shaped (Fig. 3c). JJG is characterized by intense tec-
tonism, and approximately 80% of the exposed rocks are highly 
fractured and slightly metamorphosed. Both rock types are weak 
and easily weathered and fragmented.

The slopes on both sides of JJG are covered by loose soil mass 
with tens of meters in thickness. Because of intense rainfall, 
shallow landslides frequently occur on the slopes and provide 
a large amount of loose solid material for debris flows (Fig. 3b). 
The steep terrain and large amount of loose solid material in JJG 
provide suitable conditions for debris flow formation. According 
to the collected rainfall data (Guo et al. 2013; Zhang et al. 2020), 

(6)AEP =
∑n

i=1
KnRi

high-intensity or long-duration rainfall can trigger debris flow 
events. The solid material in JJG originates mainly from shallow 
landslides (Yang et al. 2022), which is consistent with the model 

Fig. 2   Location of JJG

Fig. 3   Loose solid material in JJG
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assumptions. Therefore, JJG is chosen as the study area to examine 
the effect of AEP on the ID threshold curves of debris flows.

Data for model calculation and validation

◆ Terrain data
DEM data for JJG were provided by the Dongchuan Debris Flow 
Observation and Research Station. The spatial resolution of the 
DEM is 0.5 m, and the data were obtained in December 2017 
by aerial photogrammetry using an unmanned aerial vehicle. 
If the DEM with the accuracy of 0.5 m, 1 m, or 5 m was used 
as inputting, a large number of grids were generated and this 
situation can lead to memory overflow in Fortran programs. 
For computational efficiency reasons, aDEM with a grid size 
of 10 m was generated from the original terrain data using the 
resampling tools in ArcGIS. The DEM of JJG was used to derive 
the geometrical parameters of JJG such as slope length, gradient, 
and river channels.
◆ Data necessary for hydrological simulation
Three main soil types (Table 1) are distributed in JJG includ-
ing dry red soil, red-yellow soil, and gravelly soil. Gravelly soil 
is widely distributed upstream in JJG and is the main source 
of solid material for debris flow. The hydrological parameters 
listed in Table 1 were obtained from the National Soil Database. 
In Table 1, θs represents the saturated soil–water content, θr is the 
residual water content, α and n are the parameters of soil–water 
characteristic curve, which are used to calculate the matrix soil 
matric suction, fs is the infiltration rate of the topsoil. The grid 
size of the land use map is 250 m, and its parameters, such as 
the normalized difference vegetation index, were obtained from 
the Moderate Resolution Imaging Spectroradiometer database. 
These data related to hydrological parameters were converted 
into a map with a grid size comparable to that of the DEM using 
the resampling tool in ArcGIS.
◆ Soil mechanical parameters
Soil cohesion c and internal friction angle φ, which are used in 
the infinite slope model, can be obtained through direct shear 
tests of soil samples from JJG. Most of the solid material for 
debris flows in JJG originates from gravelly soil; therefore, three 
groups of soil samples were taken from several typical slopes 
covered by a gravelly soil mass (the location of sampling was 
represented by red circle in Fig. 2), and one sample each was 
taken from the red-yellow and dry red soil. As shown in Table 2, 
the three samples from gravelly soils have similar c and φ values; 
therefore, the average values of the two parameters were calcu-
lated to represent the mechanical performance of the gravelly 

soil mass. The mechanical parameters in Table 2 can be assigned 
to each grid cell of the DEM according to the distribution of soil 
types in JJG.
◆ Historical debris flow and rainfall data
To validate the quantitative relationship between the AEP and 
the ID threshold curves of debris flows, data for 37 debris 
flow events in JJG and the triggering rainfall processes were 
collected. Rainfall events must be separated from long-term 
rainfall sequences to identify the rainfall processes that 
triggered the 37 debris flow events. The inter-event time 
(IET) was defined as a measure of the minimum time interval 
between two consecutive rainfall pulses (Adams et al. 1986). 
Although the IET strongly affects the start and end times of 
an event (Bel et al. 2017), there are no standard for rainfall 
episode separation (Jiang et al. 2021). Peres and Cancelliere 
(2018) noted that the IET depends on whether the rainfall 
during an IET is smaller than the mean daily potential 
evapotranspiration (MDPE). Long-term observation of the 
evaporation in JJG showed that the MDPE in this gully is 
approximately 4 mm; thus, precipitation of less than 0.5 mm 
during an IET is considered to indicate the end of a rainfall 
process (6).

Results and discussion

Historical data of debris flow events and rainfall
Using Eq. 6 and the collected rainfall data, the calculated AEP, 
average rainfall intensity (I), and rainfall duration (D) of each 
debris flow event can be determined and listed in Table  3. 
The calculated AEP values in the third column of Table 3 are 
rounded to integers to increase the number of debris flow 
events corresponding to each AEP. AEP values of 90 and 60 mm 
are associated with 1 debris flow event each, 8 events have an 
AEP value of 40 mm, 13 events have an AEP value of 30 mm, and 
14 events have an AEP value of 20 mm. AEP calculated from the 
observation rainfall data varies from 11.5 mm to 92.6 mm. Refer-
ring to the range of AEP, Dens-ID presets several AEP values 
including 15, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, and 120 mm. 
The preset 110 and 120 mm exceeded the observed maximum 
value of 92.6 mm, because we wanted to observe whether the ID 
threshold curve would tend to stabilize after the AEP increased 
to a certain value.

Table 1   Soil types and their hydrological parameters

Soil type θs θr Parameters of 
curve

fs 
(mm/h)

α n

Gravelly soil 0.54017 0.07639 0.02201 1.37785 30.486

Red-yellow soil 0.48519 0.06829 0.02264 1.38146 21.964

Dry red soil 0.48148 0.07640 0.01476 1.47394 10.811

Table 2   Cohesion c and internal friction angle φ of soil samples from JJG

Soil samples Soil mechanical parameter

c (kPa) φ 
(deg)

Average c (kPa) Average φ 
(deg)

Gravelly soil-1 35.1 36.0 34.5 34.4

Gravelly soil-2 35.9 33.7

Gravelly soil-3 32.5 33.7

Red-yellow soil 27.0 36.3 27.0 36.3

Dry red soil 25.9 35.7 25.9 35.7
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Table 3   Historical data of debris flow events and rainfall

Number Date AEP (mm) Rounded AEP (mm) Duration (h) Intensity (mm/h) Density (g/cm3)

1 2004/7/9 92.60 90 9.30 1.00 1.8

2 2001/6/29 59.30 60 4.50 6.70 2.0

3 2008/7/5 44.77 40 8.88 1.97 2.1

4 2001/7/4 42.50 21.7 1.40 2.0

5 2001/7/8 39.80 6.8 3.80 1.9

6 2008/8/7 39.73 27.10 1.58 2.1

7 2008/6/15 38.87 16.90 1.43 -

8 2007/7/24 38.35 6.05 2.89 2.0

9 1999/8/25 36.20 7.8 3.10 2.1

10 2006/7/6 35.20 2.27 10.37 2.1

11 1999/7/16 34.00 30 4 11.8 2.0

12 2008/7/21 33.47 10.43 2.65 1.9

13 2000/8/9 31.60 2.3 8.6 2.1

14 2008/8/3 31.35 7.25 3.14 2.1

15 2010/7/17 30.385 1.00 4.6 2.0

16 2001/6/27 30.30 4 13.1 2.0

17 2007/9/17 30.15 9.38 2.44 2.0

18 2001/8/13 29.80 3.2 5.3 2.2

19 1994/6/26 29.00 2 23 -

20 2008/7/31 28.99 6.93 2.18 1.8

21 1999/7/24 28.90 4.8 9.80 2.1

22 2001/8/22 28.00 3.50 6.00 2.2

23 2008/8/17 26.29 3.75 3.23 1.8

24 2006/8/20 24.63 20 3.15 2.32 2.2

25 1999/8/10 23.60 14.20 4.30 2.1

26 2000/8/8 23.50 5.20 8.50 1.8

27 2008/7/1 23.22 9.88 2.60 2.0

28 2000/8/29 22.70 6.00 6.20 2.0

29 2010/7/6 22.376 10.88 4.18 2.1

30 2008/7/11 21.33 1.85 6.43 2.2

31 2006/8/15 20.62 3.08 9.79 1.9

32 2006/7/5 20.52 2.32 10.53 2.2

33 2000/7/15 19.60 26.2 2.90 1.7

34 1993/8/29 18.60 6.70 4.60 -

35 1998/8/2 18.40 3.70 7.30 -

36 2004/6/26 18.10 3.50 5.00 2.1

37 2007/8/24 16.69 28.60 1.77 -
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In Table 3, the debris flow density in JJG varies from 1.6 to 2.2 g/
cm3, and its average is about 2.0 g/cm3 with the mean square error 
of 0.15; debris flows with higher density are more easily triggered 
in JJG. Referring to this average value, Dens-ID assigned 2.0 g/cm3 
to ρmix, and then according to the “Derivation of ID threshold curve 
using Dens-ID” section, the ID threshold curve that corresponds 
to ρmix = 2.0 g/cm3 will be derived and shown in the “ID threshold 
curves of debris flow with different AEP” section.

ID threshold curves of debris flow with different AEP

Based on Dens-ID, numerous calculations were performed following 
the steps in the “Derivation of ID threshold curve using Dens-ID” 
section and a database including all the data sets of [I, D], the fitted 
curves, and AEP was obtained and shown in Table 4.

All the fitted equation in Table 4 can be described by the 
power function; this result is consistent with the shape of the 
threshold curve obtained by the statistical model (Caine 1980), 
indicating that Dens-ID can describe the hydrological process 
of rainfall-induced debris flow. In order to show the influence 
of AEP more intuitively on the ID threshold curve, all the fit-
ted equations in Table 4 excluding the curves corresponding to 
AEP = 100, 110, 120 mm are drawn in Fig. 4 with the logarithmic 
coordinate system.

We can find from Fig. 4 that the ID threshold conditions neces-
sary for triggering debris flow in JJG do not always show a decreas-
ing trend with the increasing AEP. There are two very significant 
inflection points here including AEP = 40 mm and AEP = 90 mm. 
As shown in Fig. 4a, the four ID threshold curves correspond to 
15, 20, 30, and 40 mm, respectively. Taking the ID threshold curve 
corresponding to 15 mm as a reference, the abscissa values of the 
intersection points of the other 3 ID threshold curves and the 
reference curve can be obtained as D = 46.7, D = 17.8, and D = 11.8. 
Before intersecting with the reference curve, the AEP has a positive 

correlation with the triggering rainfall threshold condition, that 
is, a larger AEP will increase the difficulty of subsequent rainfall 
triggering debris flow, whereas after intersecting, AEP is inversely 
related to the triggering rainfall condition.

In Fig. 4b, the six ID threshold curves correspond to 40, 50, 
60, 70, 80, and 90 mm, respectively. Because the ID curves corre-
sponding to 100, 110, and 120 mm are same to the curve of 90 mm, 
they are not drawn within. Taking the ID curve corresponding to 
40 mm as the reference, the positions of the other five threshold 
curves in the I-D coordinate system gradually become lower with 
the increased AEP, and all of these six curves have no any intersec-
tion. This shows that when the AEP exceeds 40 mm in JJG, the AEP 
and the rainfall threshold condition that triggers debris flow in JJG 
will have a complete negative correlation. As for the condition of 
AEP ≥ 90 mm, it can be easily seen from Table 4 that the two key 
parameters α and β of the fitting equation tend to be constant. 
So, the positions of ID curves in the I-D coordinate system cannot 
change after AEP ≥ 90 mm.

Quantitative analysis of effects of AEP on α and β

Quantitative analysis of effects of AEP on α and β

Based on the fitted threshold equations in the form of I = αDβ, 
which can be written logarithmically, as follows:

By denoting logI as YI, logD as XD, and logα as Bα, Eq. 7 can be 
rewritten as follows:

According to Eqs.7 and 8, when D is equal to 1 h, I = α. α is 
numerically equal to the value of ID=1 in the condition of D = 1, and 
thus, α represents the critical rainfall intensity required to trigger 
a debris flow for D = 1 h. From a geometrical point of view, Eq. 8 is 
represented by a linear equation in Fig. 4, where log α is the inter-
cept of the linear equation on the vertical axis and β is the slope of 
the linear line. The absolute value of β represents the deceleration 
rate of rainfall intensity with increasing rainfall duration, that is, 
the rate of decrease from ID=1 to 1 mm/h. As shown in Fig. 4, AEP 
can change the position of the ID threshold curve in the I-D coordi-
nate system and accordingly change the fitted parameters of the ID 
threshold curve of debris flow, α and β. Therefore, the relationship 
between these two fitting parameters and AEP can characterize 
the movement law of the ID threshold curve in the I-D coordinate 
system caused by AEP change. Based on the data sets of α and AEP 
in Table 4, the effect of AEP on α is described by the following equa-
tions, which were fitted using the least square method:

In the condition of 15 mm ≤ AEP ≤ 90 mm, α represents para-
bolic variation with AEP. Interestingly, α does not always decrease 
with continuously increasing AEP. When AEP ≤ 40 mm, the α val-
ues necessary for triggering a debris flow increase simultaneously 
with AEP; when AEP > 40 mm, α decreases with increasing AEP, 
but the decrease does not continue indefinitely with increasing 
AEP, because for AEP > 90 mm, α is constant at 10.4.

(7)logI = log a + �logD

(8)YI = �XD + Ba

(9)

{

𝛼 = −0.006AEP2 + 0.5AEP + 10.6 15 ≤ AEP < 90

𝛼 = 10.4 90 ≤ AEP ≤ 120

Table 4   Database of AEP, and fitted equations groups

AEP (mm) Fitted threshold curves corresponding to 
ρmix = 2.0 g/cm3

15 I2.0 = 16.1D−0.50D ∈[1, 229] (R2 = 0.99)

20 I2.0 = 18.2D−0.53 D ∈[1, 196] (R2 = 0.99)

30 I2.0 = 20.2D−0.58D ∈[1, 136] (R2 = 0.99)

40 I2.0 = 23.0D−0.64D ∈[1, 96] (R2 = 0.99)

50 I2.0 = 21.8D−0.70D ∈[1, 58] (R2 = 0.99)

60 I2.0 = 19.3D−0.79 D ∈[1, 33] (R2 = 0.99)

70 I2.0 = 15.9D−0.91 D ∈[1, 19] (R2 = 0.99)

80 I2.0 = 12.5D−0.93 D ∈[1, 19] (R2 = 0.99)

90 I2.0 = 10.4D−0.99 D ∈[1, 9] (R2 = 0.99)

100 I2.0 = 10.4D−0.99 D ∈[1, 9] (R2 = 0.99)

110 I2.0 = 10.4D−0.99 D ∈[1, 9] (R2 = 0.99)

120 I2.0 = 10.4D−0.99 D ∈[1, 9] (R2 = 0.99)
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The AEP in the parabolic segment varies from 15 to 90 mm, 
and the parabola described by Eq. 9 is plotted in Fig. 5. Since α is 
numerically equal to ID=1, the AEP-α relationship in Fig. 5 can reflect 
the variation law of the longitudinal intercept of each ID thresh-
old curve with AEP. When 15 mm ≤ AEP ≤ 40 mm, the longitudinal 
intercept of each threshold curve in Fig. 4a increases parabolically. 
Before the ID threshold curves intersect in Fig. 4a, the increasing 
longitudinal intercept is the superficial reason that the ID thresh-
old conditions necessary for triggering debris flow in JJG show a 
positive correlation with the AEP. When 40 mm ≤ AEP ≤ 90 mm, the 
longitudinal intercept of each threshold curve in Fig. 4b decreases 
parabolically, and the relationship between the ID threshold condi-
tion and AEP begins to show a negative correlation.β represents the 
slope of the ID threshold curve in Fig. 4 and is less than 0. The main 
reason of β < 0 is a tradeoff between rainfall intensity and rainfall 
duration in order to trigger debris flow in nature. Based on the data 
sets of β and AEP in Table 4, the effect of AEP on β is described by 
the following Eqs. (10), which were fitted using the least square 
method. As shown by Eq. 10, as AEP increases from 15 to 90 mm, β 
decreases linearly. When AEP exceeds 90 mm, β becomes a constant 
with a value of − 0.99.

(10)

{

� = −0.007AEP − 0.4 15 ≤ AEP ≤ 90

� = −0.99 90 ≤ AEP ≤ 120

The line segment with the AEP varying between 15 and 90 mm 
was plotted in Fig. 6. In the condition of 15 mm ≤ AEP ≤ 90 mm, β 
and AEP are always negatively correlated without no positive cor-
relation stage like the relationship between α and AEP, so it can be 
inferred that β always tends to push the relationship of the AEP and 
triggering rainfall condition towards negative.

Validation of AEP ~ α and AEP ~ β.
Based on the historical rainfall data in Table 3, three ID thresh-

old curves for different AEP were fitted using the least square 
method and listed in Table 5. It should be noted that the amount 
of field observation data is not sufficient; only three ID threshold 
curves corresponding to AEP = 20, 30, and 40 mm were obtained. 
Therefore, only the ID threshold curves corresponding to the three 
AEP values in Fig. 4a can be calibrated. The three threshold curves 
derived from Dens-ID are also listed in Table 5.

The six ID threshold curves in Table 5 are plotted in Fig. 7, the 
axes in which are given on a logarithmic scale. The dashed lines are 
the ID threshold curve fitted through the observed data, while the 
solid lines represent the ID threshold curves obtained by Dens-ID. 
As shown in Fig. 7, the longitudinal intercepts of the three dashed 
lines increase with AEP. Taking the orange dashed line (the ID 
curve corresponding to AEP = 20 mm) as a reference, before the 
other two threshold curves intersect with it, there is a positive cor-
relation between AEP and the triggering rainfall condition, while 
after intersection with the orange dashed line, AEP and rainfall 
threshold conditions transformed into a negative correlation. The 
relationship between AEP and triggering rainfall conditions in 
Fig. 4a, which was derived by Dens-ID, is consistent with the field 
observation data.

However, there is a large difference in the α of the threshold 
curves fitted by the two methods. The α calculated by Dens-ID is 
commonly larger than that derived from observation data. Taking 
the black lines (including black solid and dashed lines) correspond-
ing to AEP = 30 mm as instance, the deviation of longitudinal inter-
cept of them is about 7.0 making the position of solid lines higher 
than that of the dashed lines. Because α is numerically equal to ID=1, 
if taking dashed line with different colors as references, Dens-ID 
overestimates the triggering rainfall intensity. Two main reasons 
for the deviation of the α calculated by Dens-ID: (1) according to 
Zhang et al. (2020), Dens-ID is sensitive to input parameters such 
as rainfall, hydrology parameters, and soil mechanical parameters, 
and it is most sensitive to soil cohesion. Unavoidable uncertainties 
in many input parameters for the physical model can significantly 
affect the calculation results of Dens-ID (Raia et al. 2014; Zhang 
et al. 2018; Jacobs et al. 2020); (2) field observation condition for 
rainfall data: local heavy rainfall in JJG is the main trigger for debris 
flow. The historical rainfall data in Table 3 were obtained at the 
rainfall station represented by a red strain (Fig. 2), which is approxi-
mately 2 km from Menqian Gully. Because of this spatial deviation, 
the rain gauge may be unable to detect the center of rainstorms, 
and thus, the measured rainfall data may be smaller than the actual 
values. The above two reasons will cause systematic errors in the 
two methods of deriving ID threshold curves. However, once this 
systematic error is formed in the model or field observation condi-
tions, the output results will still show a certain evolution law in 
this limited condition, and the evolution trend from the left bound-
ary to the right boundary of the curve is determined by β. β plays 
more important role than that of α in the negative correlation of 

 

Fitting curves in the conditions of 15 mm≤ AEP≤40 mm 

 

Fitting curves in the conditions of 40 mm≤ AEP≤90 mm 

(a)

(b)

Fig. 4   ID curves corresponding to different AEP
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AEP and triggering rainfall condition. Only when the β calculated 
by Dens-ID is close to the value derived from the field observa-
tion data can it prove its reliability in describing the hydrological 
process of the evolution law of rainfall and duration. Fortunately, 
the β derived from Dens-ID has a smaller error than the α. Taking 
the black lines corresponding to AEP = 30 mm as instance, their 
deviation is about 0.02 making the two black lines nearly parallel. 
So, the smaller deviation from the observation rainfall data proves 
that Dens-ID has high credibility in describing the hydrological 
process that induces the debris flow in JJG.

Discussions

The larger the AEP, the lower the triggering rainfall condition 
for debris flow; this qualitative description has almost become a 
consensus. However, according to the results derived from Dens-
ID and field observation data, a larger AEP can only represent a 
favorable hydrological environment for runoff generation and solid 
material supply, but it may put forward higher requirements on 

the triggering rainfall condition. It is necessary to discuss why the 
increase of the AEP within the range of 15–40 mm can enhance the 
rainfall triggering conditions of the debris flow in JJG. This finding 
is confirmed by results derived from Dens-ID and field observa-
tions data. So, what mechanism or factors cause this phenomenon 
is worthy of serious discussion. Debris flow is a result of the mutual 
game between runoff and solid materials in the channel (Long et al. 
2020); this game process can be viewed as whether the hydrody-
namic conditions provided by runoff can initiate the loose deposits 
in the channel (Berti et al. 2020).

In Fig. 4a, before the intersection of any two ID threshold curves, 
the physical meaning of the longitudinal intercept of each curve 
can be expressed as the rainfall intensity that can trigger a debris 
flow is ID=1 when D = 1. The coordinate of the longitudinal intercept 
[D = 1, I = ID=1] is the typical boundary point of the ID threshold 
curve, which was used to represent the triggering rainfall condition 
before the intersection of two ID curves. To facilitate the analy-
sis, the Vs and ID=1 calculated by Dens-ID were normalized, and 
they are plotted versus AEP (AEP–Vs and AEP–ID=1) in Fig. 8. Vs 
increases continuously for AEP ≤ 40 mm, and it reaches a maximum 
at AEP = 50 mm. As Vs increases with increasing AEP, a larger runoff 
volume (Vw) is required to bring the debris flow density (ρmix) to 
a fixed value of 2.0 g/cm3, which requires stronger hydrodynamic 
conditions, and thus a higher rainfall intensity ID=1.

α = -0.006AEP2 + 0.5AEP + 10.6
R² = 0.9311

0

5
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20

25

0 20 40 60 80 100
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Fig. 5   Function curve describing the relationship between AEP and α 

β = -0.007AEP - 0.4
R² = 0.9863
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0
15 35 55 75 95
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Fig. 6   Function curve describing the relationship between AEP and β 

Table 5   Comparison between the fitted ID equations from different ways

AEP (mm) ID threshold equations

Fitted through 
observation data

Fitted through Dens-ID

20 I = 10.6D−0.44 I2.0 = 18.2D−0.53

30 I = 13.2D−0.60 I2.0 = 20.2D−0.58

40 I = 15.3D−0.78 I2.0 = 23.0D−0.64
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Before point P1 in Fig. 8, the ID=1 necessary for triggering 
debris flow in JJG is positively correlated with AEP. Although 
AEP no longer contributes to the variation of Vs after AEP 
reaches 50 mm, the soil–water content can still be increased 
due to continuously increasing AEP (Zhu and Shao 2008; 
Schoener and Stone 2020), and accordingly it can enhance the 
runoff generated rate from rainfall (Castillo et al. 2003; Jones 
et al. 2017). Under these hydrological conditions, the rainfall 
intensity ID=1 required to trigger a debris flow with the density 
of 2.0 g/cm3 decreases gradually; thus, the rainfall condition 
for triggering debris flow in JJG is negatively correlated 
with AEP. When AEP exceeds 90 mm (P2 in Fig. 8), ID=1 stops 
gradually decreasing and remains constant, indicating that at 
AEP = 90 mm, the loose solid material in JJG become saturated. 
Under these hydrological conditions, ID=1 has a constant value 
of 10.4 mm and does not change with AEP. Therefore, for the 
two inflection points P1 and P2 in Fig. 8, AEP is the external 
driving factor and operates through the entire process of 
debris flow formation in JJG.

Tsunetaka et al. (2021) investigated the variation in rainfall pat-
terns for triggering debris flow through field-based, 4-year moni-
toring in a debris-flow gully. This gully is a part of the Ohya land-
slide in the southern Japanese Alps indicating supply way of solid 
material for debris flow is similar to that of JJG. They found that the 
decrease in sediment storage reduced the rainfall threshold for trig-
gering debris flow. Conversely, after sediment recharge during the 
subsequent winter, the rainfall condition necessary for debris flow 
formation is enhanced due to the increase volume of solid material. 
Although the increase in the volume of solid material may not be 
caused by AEP, the field findings can show that the increase in solid 
material supply will instead increase the rainfall conditions trigger-
ing debris flow. This finding is basically the same as the calculation 
results of Dens-ID in JJG.

Conclusions
Numerical simulation results of Dens-ID show that the rainfall thresh-
old conditions for triggering debris flow in JJG do not always decrease 
with the increase of AEP. A larger AEP can only represent a favorable 
hydrological environment for generating runoff and solid materials, 
but it may put forward higher requirements on the triggering rainfall 
condition. When AEP > 40 mm, the rainfall threshold condition for 
triggering debris flow is completely negatively correlated with AEP; 
however, due to the increase in the solid materials volume in the con-
dition of 15 mm ≤ AEP ≤ 40 mm, a stronger hydrodynamic condition 
is required to trigger the debris flow with a certain density in JJG.

AEP can cause a large difference in the position of the ID 
threshold curve in the I-D coordinate system indicating that AEP 
has a significant effect on the triggering rainfall threshold condi-
tion. The two derived equations of AEP ~ α and AEP-β can clarify 
the variation of debris flow ID curves with AEP. The conventional 
ID threshold curve remains the same regardless of AEP once it 
is determined. The functions of AEP ~ α and AEP ~ β can make 
the originally static ID curve to become a variable threshold in 
the I-D coordinate system. In this way, the prediction precision 
of ID curves then can be improved because the effects of AEP on 
α and β can be fully considered when they are used to predict 
debris flow.
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