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Abstract: This paper presents a logistic model for predicting the occurrence probability of debris flows based on rainfall
intensity and duration. The data from a total of 354 rainfall events were used to calibrate the model, among which 249 were
triggering a debris flow while 105 were not. The model will be useful to the decision making of debris flow early warning in
the future. That is, given the estimated occurrence probability = 70% subject to a combination of rainfall intensity and duration,
there is a 30% probability that the early warning will be a false alarm. By contrast, if decision makers decide not to issue an
early warning, then there is a 70% chance leading to a missed alarm. Subsequently, integrating the consequences of missed
alarm and false alarm into the equation, the respective risks can be computed, based on which decision makers can make a
more robust decision whether an early warning is needed or not by choosing the scenario with a lower risk.
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1. Introduction

This paper introduces a new logistic model for predicting
the occurrence probability of debris flow. The two predictors
(or independent variables) used in the model are rainfall
intensity and duration. The model that can estimate the
occurrence probability of debris flow is useful to the decision
making whether an early warning is needed to be issued or
not for risk reduction and management.

In this paper, the relevant studies will be summarized at
first, followed by the overview of logistic regression. Next,
the calibration of the logistic model will be introduced, along
with the data used for the model development. Finally, a
framework using the logistic model for debris flow early
warning will be presented and discussed.

2. Literature Review

2.1. Debris Flow

The debris flow is one of the natural hazards causing
damages to our society, and a variety of debris flow studies
have been reported [1-30]. For instance, Guo et al. (2016) [1]
studied the effect of the Wenchuan earthquake on the

occurrence of debris flows in the Sichuan areas of China, and
reporting that debris flows occurred more frequently in the
areas after the major earthquake. Based on the data from that
study, Wu et al. (2018) [2] then conducted another analysis
and proposed a new optimization method to determine the
rainfall intensity-duration threshold that can minimize the
probability of false alarm and missed alarm combined. In
addition, Tang et al. (2018) [3] presented a joint probability
model that can capture the statistical characteristics of the
maximum impact pressure and total sediment discharge of a
debris flow, which can help develop the design guideline for
constructing a barrier structure to mitigate the damage caused
by debris flows.

2.2. Logistic Regression

Regression analysis is one of the analytics that is widely
used in data analysis. However, it has to be noted that
different than simple regression analysis for finding out the
correlation between two (or multiple) continuous variables,
logistic regression is to characterize the relationship between
one binary variable (e.g., debris flow occurring or not) and
one (or multiple) continuous variables, for estimating the
occurrence probability of debris flows, for instance, based on
one or multiple predictors like rainfall intensity and duration.
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Although logistic regression is not as commonly used as
simple regression, a number of applications can still be found
in the literature. For example, given that the occurrence of
soil liquefaction is a binary variable, Lai et al. (2006) [4]
proposed a logistic regression model to predict the
occurrence probability of soil liquefaction. Similarly, given
that the occurrence of landslide is also a binary variable,
Chang et al. (2007) [5] developed a logistic model to
estimate the occurrence probability of landslide.

3. Model Development
3.1. Overview of Logistic Regression

On the basis of a X-Y system, i.e., X is a continuous
variable while Y is a binary variable, the mathematical
expression of a logistic model can be expressed as follows:

eax+b

Pr(Y =Yes; X =x) = @9)]

1+ eax+b

where @ and b are the mode parameters that can be calibrated
with X-Y samples. It is noted that the probability of Y = No
is clearly equal to {100% - Pr (Y = Yes)} that can be
computed from the model, i.e., Eq. 1. Also note that different
than simple regression that uses the principle of the
least-square algorithm to calibrate the model parameters,
logistic regression usually uses the MLE (maximum
likelihood estimation) algorithm to calibrate the model
parameters.

It should be understood that Eq. 1 can be extended when
more than one “predictor” is used for estimating the
probability of Y = Yes. Except for the equation that will be
changed to accommodate more X, i.e., the predictor, the
calibration process of the logistic model will not be changed,
or it will be as same as the X-Y system using only one
predictor to predict the occurrence probability of Y = Yes.

3.2. The Data
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Figure 1. The 354 data sets used in this study for developing the logistic
model to estimate the occurrence probability of debris flow

Figure 1 presents a total of 354 data sets, namely rainfall

intensity (I), rainfall duration (D), and debris flow occurrence.
The data from the Sichuan areas of China were compiled by
Guo et al. (2016) for their debris flow study investigating the
effect of earthquake on debris flow occurrences. As
mentioned previously, Wu et al. (2018) utilized them in their
study as to determine the optimal rainfall intensity-duration
threshold that can minimize the probability of missed alarm
and false alarm combined.

3.3. The Model Development

Based on the data sets shown in Figure 1, the model
calibration was proceeded with an in-house computer
program compiled in VBA (Visual Basic for Application).
The result shows that the best-fit model parameters are 3.6,
6.3, and -7, or the mode can be expressed as follows:

aD+bl +c

_ e

where DF denotes debris flow, and Pr (DF) is the occurrence
probability of debris flow. Based on the model, it shows that
when a rainfall event has an intensity = 1 mm/hr and duration
= 1 hr, the occurrence probability of debris flow is equal to
0.00091, which means that such a rainfall is nearly
impossible to trigger a debris flow, and in accordance to the
boundary condition that debris flows are induced by heavy
rainfalls, and it is very unlikely for them to occur with little
rainfall.

On the other hand, when rainfall intensity = 10 mm/hr and
duration = 10 hours, the model, i.e., Eq. 2, estimates the
occurrence probability of debris flow should be equal to 0.95,
which is also in accordance with the observation, highlighted
in Figure 2, showing that in most cases debris flows were
triggered under such a rainfall with intensity and duration
close to 10 mm/hr and 10 hours, respectively.
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Figure 2. Debris flow occurrence when rainfall intensity close to 10 mm/hr
and duration close to 10 hours.

Figure 3 shows the occurrenc probability of debris flow
with inteisnty up to 15.8 mm/hr, and duration up to 15.8
hours. It can be seen that the occurrence probability increases
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with both increasing, which in accordance with the “common
sense” that a bigger rainfall event with bigger intensity and
duration should be more capable of inducing a debris flow.
This is somehow verifying the model’s robustness, with it
fulfilling both the boundary condition, i.e., when a rainfall
with very little intensity and duration, the debris flow
occurrence probability should be close to zero, and the
rationale that the occurrence probability should incresae with
both intensity and duration increasing.
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Figure 3. The occurrence probability of debris flow under different
combination of rainfall intensity and duration.

3.4. Debris Flow Occurrence More Sensitive to Rainfall
Intensity

From Figure 3, it can be seen that rainfall intensity is
playing a more critical role to debris flow occurrence. That is,
under the same rainfall duration, the drbris flow occurrence
probability inceases rapidly as intensity increases. For
example, when rainfall duration = 1 hour, the occurrence
probability increases from 0.00091 to 0.63 when the rainfall
intensity increases from 1 mm/hr to 15.8 mm/hr.

By contrast, debris flow occurrence seems insensitive to
rainfall duration. That is, when rainfall duration increases, the
occurrence probability of debris flow increases fairly slowly.
For instance, from Figure 3 it can be seen that when rainfall
intensity = 1 mm/hr, the occurrence probability of debris
flow increases from 0.00091 to 0.07 when rainfall duration
increases from 1 hour to 15.8 hours.

Such a finding that debris flow occurrence is more
sensitive to rainfall intensity than duration can also be
verified by the observations given in Figure 1. To help
explain this, the readers can refer to Figures. 4 and 5. From
Figure 4, it can be seen that when rainfall intensity increases,
debris flows were occurring on more occasions. On the
contrary, it can be seen from Figure 5 that when rainfall
duration increases, debris flows were not increased
significantly, with the ratio of black dots (debris flow
occurring) to hollow dots (debris flow occurring) being

constant although rainfall duration was increased.

The possible rational to such a finding, i.e., debris flow
occurrence is more sensitive to rainfall intensity to duration,
as follows. When a huge amount of rainfall is poured down
to the gorund is a relative short of time, the pore water
pressure in the soil, or the source material of debris flow, can
increase, and therefore lower the effectvie stress in the soil
based on the fact that effective stress is equal to total stress
minus pore pressure. On the other hand, for a rainfall event
lasting for a longer period of time but with small rainfall
intensity in the process, the pore water pressure in the soil
can be dissipated, given that the precipitation is not poured
down instantly.
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Figure 4. Debris flow occurrence when rainfall intensity increases.
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Figure 5. Debris flow occurrence when rainfall duration increases.

4. Discussion
4.1. Missed Alarm and False Alarm

For any kind of early warning system, missed alarm and
false alarm are inevitable. Taking debris flow early warning
for instance, when an early warning is issued while debris
flows do not occur afterwards, this warning becomes a false
alarm. By contrast, when decision makers decide not to issue
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an early warning but debris flow do occur afterwards, then
this situation is referred to as missed alarm. Figure 6 shows a
diagram demonstrating the situation of missed alarm and
false alarm, as well as two other correct cases.

Debris flow

occurrence

Debris flow Correct

warning
-

R
Error

(False alarm)

Rainfall

N
Error

(Missed alarm)

Correct

Figure 6. Missed alarm and false alarm.

4.2. Consequence of Missed Alarm and False Alarm

It is also understood that the two errors, i.e., missed alarm
and false alarm, would both lead to undesirable consequences.
For a missed alarm, the consequence is direct. Given no early
responses taken (because no early warning is received), then
the consequence is the damage caused by the debris flow.
Assume a debris flow would kill 10 people in a village; given
that they are not evacuated in advance since no early warning
has been received, the cost of the missed alarm is then equal
to the 10 lives of their.

On the contrary, the consequence of a false alarm is more
indirect. However, just imagining an early warning system
keeps issuing false alarms, with time the credibility of the
system will soon be at stake. Then what happens next is that
people will ignore the warnings, making the system
nonexistence per se.

4.3. Risk and Risk-based Decision Making

What is risk? In engineering risk management, risk is
defined as failure probability multiplying failure consequence
[31]. According to the definition, the risk of a missed alarm is
equal to the occurrence probability of missed alarm
multiplying the consequence. Similarly, the risk of a false
alarm is equal to the occurrence probability of false alarm
multiplying its consequence. Then, when we decide not to
issue an early warning, the risk we bear is the risk of missed
alarm. By contrast, when we decide to issue an early warning,
the risk we bear is the risk of false alarm. Finally, when the
risk associated with not issuing an early warning is larger
than the risk associated with issuing an early warning, the
decision will be not to issue the early warning, and vice versa.
Figure 7 demonstrates the basic concept of the risk-based

decision making.
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Figure 7. Risk-based decision making.

4.4. Probability of Debris flow, Missed Alarm, and False
Alarm

As a result, in order to calculate the risks associated with
missed alarm and false alarm, it is needed to estimate their
occurrence probabilities in advance. Implicitly, the two
probabilities are related to the occurrence probability of
debris flows. That is, given that the occurrence probability of
debris flow is equal to 80% (therefore there is a 20% chance
that the debris flow will not occur) and we decide to issue an
early warning, then there will be a 20% chance that this
warning will be a false alarm. In short, the probability of
false alarm is equal to 100% minus the occurrence
probability of debris flow. By contrast, when we decide not
to issue an early warning at that exact situation, there is an
80% chance that a missed-alarm situation will be resulted,
equal to the occurrence probability of debris flow.

4.5. The Threshold to Early Warning

Therefore, when the occurrence probability of debris flow
is determined, the probabilities of missed alarm and false
alarm are both determined, so as the risks of missed alarm
(deciding not to issue the warning) and false alarm (deciding
to issue the warning) given that the respective consequences
are known. As a result, as shown in Figure 7, we can
determine the risks of not issuing an early warning when with
the occurrence probability from 0 to 1, as well as the risks of
issuing the warning.

Obviously, this can help us determine the threshold of
debris flow occurrence probability, from no need to issue an
early warning to the necessity of issuing the warning. By all
means, such a risk-based decision making is robust and has
been proposed for earthquake early warning [32]. More
importantly, the essential of such a framework is the debris
flow occurrence probability, which can be predicted by the
proposed logistic model based on the combination of rainfall
intensity and duration.
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5. Conclusion

This paper presents a logistic model to estimate the
occurrence probability of debris flow triggered by a rainfall
event based on its intensity and duration. A total of 354 set
sets from the areas of Sichuan, China were used to calibrate
the model.

The logistic model, which can calculate the occurrence
probability of debris flow, can help develop a risk-based
model for deciding when an early warning is needed, given
that the rainfall event’s intensity and duration are determined
from weather forecast. Such a decision-making framework is
by all means scientific and robust, and the essential to the
model is the occurrence probability of debris flows.
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