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Abstract: Mountain torrent disasters are common natural hazards that occur in mountainous terrains.
The risk assessment of mountain torrent disasters entails a multi-criteria decision-making process
and involves a transformation between qualitative and quantitative uncertainties. By incorporating
probability statistics and fuzzy set theories, cloud model derived from information science, can
aid the required transformation between the qualitative concepts and quantitative data. A cloud
model-based approach has thus been proposed for practical risk assessment of mountain torrent
disasters. The hybrid weighting method comprising the analytic hierarchy process (AHP) and entropy
was employed for determining the weights of the indicators in the multi-criteria decision-making
process. The degree of certainty associated with a particular risk level can be calculated through
repeated assessments by employing the normal cloud model. The proposed approach was validated
by comparing with the actual situation. The obtained results demonstrate that the cloud-model-based
method is capable of indicating the risk level of mountain torrent disasters, as well as signifying
the relative probability of risk at the same level. The proposed study provides guidelines for future
risk management of basin floods and extends the scope of present risk-evaluation methods. Thus,
the proposed study can be helpful in the precaution of mountain torrent hazards.

Keywords: cloud model; mountain torrent disaster; flood; risk assessment; AHP; entropy

1. Introduction

A mountain torrent disaster is one of the most frequent and severe natural disasters worldwide.
It generally occurs in mountainous terrain with flash flood, can cause severe economic losses and
casualties, and pose a great threat to human lives and property [1].

In the face of such frequent natural disasters, minimizing people’s losses has become the primary
issue. Risk analysis has received increasing attention as a non-engineering measure for mountain
torrent prevention and mitigation [2—4]. It can aid the authorities in addressing natural disasters,
i.e., a shift from passive resistance to active evasion. The risk assessment of mountain torrents
considers numerous factors, which have multiple sources and different spatiotemporal scales. This
fairly increases the challenge in assessment.

Two types of uncertainties should be considered in the risk assessment of mountain torrent
disasters: (1) randomness, which is generally exhibited in the observed data of related factors and
(2) fuzziness, which is embodied in the mutual influence of the factors [5]. Various methods have
been proposed to address the above uncertainties in the risk assessment of mountain torrent disasters,
e.g., a principal component analysis method based on statistical and stochastic theories, and a fuzzy
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assessment method based on fuzzy set theory [6,7]. However, most of these are single random or fuzzy
type models. A coupled model incorporating both randomness and fuzziness is required.

A cloud model is a comprehensive model that considers randomness with fuzziness; it was
developed by Li in 1995 [8]. In statistical mathematics, the uncertainty of random phenomena can
be modeled using a probability distribution. In fuzzy mathematics, the uncertainty of membership
associated with a fuzzy concept is generally modeled by a membership function. The cloud model can
model randomness and fuzziness uncertainties with three fixed parameters, and transform between
qualitative concepts and quantitative data, and vice versa, with forward and backward cloud models [9].
It should be noted that the cloud model is completely different from cloud computing, which is an
Internet-based service mode. After over 20 years of development, the cloud model is widely used in
numerous fields including intelligent control [10], decision support [11], water quality assessment [12],
hydraulic conductivity estimation [13], etc. [14]. The main objective of this study is to develop
an approach based on cloud model for the risk assessment of mountain torrent disasters because
randomness and fuzziness are inherent in their risk assessment.

The risk assessment of mountain torrent disasters is a kind of multi-criteria decision-making
analysis [15]. Each factor in the assessment exerts a different influence, which introduces the issue of
weight assignments. Present studies, primarily include two types of weight-determination methods:
subjective and objective [16]. Subjective weighting methods rely on the subjective experience of
decision makers to allocate weights to factors. The commonly-used methods include the analytic
hierarchy process (AHP) method and pair-wise comparison method [17,18]. The objective weighting
methods rely entirely on the differences in the sample data. A factor with a large difference will be
assigned a correspondingly large weight. Entropy is the most popular method and has been widely
applied to water resources and ecological environment assessments [19,20].

In this study, a hybrid weighting method incorporating AHP and the entropy method is employed
to determine a reasonable set of weights of the factors. This can compensate for the reliance on human
judgment in the subjective weighting method and the lack of consideration of the importance of
the factors in the objective weighting method [21].

Therefore, the objective of this study entails the establishment of a risk assessment index
system, data preprocessing, AHP-entropy-based weight determination, and a cloud-model-based
comprehensive evaluation of mountain torrent disaster risks. It is expected that the potential risk of
mountain torrent disasters in the study area can be effectively evaluated and revealed, and can provide
guideline for future risk management of basin floods.

2. Study Area and Dataset

2.1. Study Area

Guizhou is a typical mountainous province located in southwest China, within the geographical
range of 24°37' N-29°13’ N and 103°36” E-109°35" E. It is situated on the slope of the Yunnan-Guizhou
plateau. Owing to its extraordinary natural conditions, e.g., well-developed river networks, undulating
terrain, low forest coverage, and high annual rainfall, mountain torrent disasters occur frequently.
The study area is shown in Figure 1.

2.2. Risk Index System for Mountain Torrent Disaster Assessment

Mountain torrent disasters are complex and affected by several factors including nature,
society, and the economy. Its influence factors can be summarized as hazard and vulnerability.
The hazard can be divided into disaster-inducing factors and a disaster-pregnant environment.
The vulnerability involves the disaster-bearing body. The disaster-inducing factors generally refer to
the precipitation. The disaster-pregnant environment refers to the terrain-surface conditions, mainly
including the topography, river network, soil, and vegetation. The disaster-bearing body primarily
refers to the socio-economic conditions.
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Figure 1. Study area of Guizhou province.

Considering the characteristics of mountain torrents in southwest China, this study selected
eight typical indices—namely, the annual average rainfall (1), annual maximum 6-h heavy rainfall
(12), annual maximum 60-min heavy rainfall (13), river network density (u4), vegetation index (u5),
topographic relief (14), population density (#7), and gross domestic product (GDP) density (11g)—to
establish a comprehensive risk-evaluation index system for mountain torrent disasters (Table 1).

Table 1. Risk index system for mountain torrent disaster assessment.

Target Layer Intermediate Layer Index Layer Index
Annual average rainfall ug
Annual maximum 6-h heavy rainfall U
Hazard Annual maximum 60-min heavy rainfall uz
Risk assessment of azar River network density Uy
mountain torrent disaster Vegetation index Us
Topographic relief Ug
s Population density uy
Vulnerability GDP density g

As shown in Table 1, the index system comprises three layers: the target layer, intermediate
layer, and index layer. The target layer is the assessment of the mountain torrent disaster
risk. The intermediate layer includes the hazard and vulnerability. The index layer contains
eight indices. The evaluation cases, not listed in Table 1, incorporate nine cities or autonomous
prefecture-administrative units of Guizhou province: Zunyi City, Tongren City, and Bijie City,
the autonomous prefecture (AP) of southeast Guizhou, the AP of south Guizhou, Guiyang City,
Liupanshui City, Anshun City, and the AP of southwest Guizhou.

2.3. Dataset

2.3.1. Data Resources

A multi-source dataset of Guizhou province was collected based on a previous index system.
The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) global digital
elevation model (GDEM) data, with a spatial resolution of 30 m, was used as the digital elevation
model data. It can be freely obtained from its official website (http://gdem.ersdac.jspacesystems.
orjp/download.jsp). The 6-h and 60-min extreme heavy rain thematic maps of JPG formats and
200-dpi resolution were provided by the Water Resources Research Institute of Guizhou Province.
The datasets for the administrative boundary, annual average rainfall, river network, vegetation
index, population density, and GDP density were provided by the Data Center for Resources and
Environmental Sciences, Chinese Academy of Sciences (RESDC) (http://www.resdc.cn). Further
specifications about the multi-source data employed in this study are shown in Table 2.
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Table 2. Specifications of multi-source dataset employed in this study.

Dataset Format Resolution Data Source Region
Administrative boundary Vector (Arc/Info) 1:4,000,000 RESDC Guizhou
B ey e elemmefeed  Gu
GDEM Raster (.tiff) 30 x 30 m ASTER GDEM official website Guizhou
Annual average rainfall Raster (.tiff) 500 x 500 m China
River network Vector (Arc/Info) 1:4,000,000 China
Vegetation index Raster (Arc/Info) 1000 x 1000 m RESDC China
Population density Raster (Arc/Info) 1000 x 1000 m China
GDP density Raster (Arc/Info) 1000 x 1000 m China

2.3.2. Data Preprocessing

First, all the collected data were projected into the same coordinate system,
Krasovsky_1940_Albers. Then, all these data were further processed and resampled into
raster data with a 1000-m resolution. Detailed information about the data preprocessing follows:

e Indices uj, us, uz7, and ug

The required data for u;, us, u7, and ug, were directly extracted from the collected raster data of
China region according to the Guizhou administrative boundary. The original resolution of u; was
500 m; it was resampled to the 1000-m resolution. Subsequently, the mean index values within each
city or AP were counted using the Arc/Info software spatial-statistics tools.

e Indices uy and u3

The original data of u; and u3 were pictures and did not contain spatial references. First, they were
geo-referenced and vectorized. Then, the vectorized contours were processed into a large number of
points. Based on these point layers, the raster layers of the 6-h and 60-min data with 1000-m resolution
were acquired using the spline spatial interpolation method.

e Indexuy

The river network density was defined as the length of the river per unit area in a basin, which is
expressed as Equation (1):
D, =L/A, 1)

where D; is the density of the river network (m/km?) and L and A are the total length and area,
respectively, of a certain region.

Based on the feature layers of the river network and the administrative boundaries, the river
lengths within the cities were calculated. The corresponding river-network densities were counted
and stored in a new field of the administrative-boundary feature layer, which was converted and
resampled into a raster layer with a resolution equal to that of the other indices.

e Index ug

Index ug, the topographic relief, involves the difference between the maximum and minimum
elevation in a particular area. It is an essential indicator that quantitatively describes the topographic
features and landform type. The neighborhood analysis method was adopted to extract the topographic
relief of the study area, which can be expressed by the following equation:

Hz] = hijmax - hqmm(l - 1/2/3/ ceey n/] - 1/2/3/ e ,Tl), (2)
where H; j is the region topographic relief; /jjmax and hjjmin represent the maximum and minimum
elevations, respectively, of the region; and n is the number of grid cells.
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The analysis radius value is crucial to the result of the topographic relief. A small analysis
radius will generate relatively flat terrain and a minor topographic relief value. As the radius
increases, the topographic relief value increases accordingly, to a certain extent. Subsequently,
the topographical relief value does not change correspondingly. The statistics-based mean change-point
theory was employed to determine the appropriate radius so as to reflect the true terrain fluctuation.
The calculation tests of the mean topographic reliefs under different grids from 3 x 3 to 40 x 40
were performed using the Arc/Info software (Environmental Systems Research Institute, Redlands,
California, USA). The results demonstrated that the optimal grid size was 15 x 15, with a corresponding
area of 20.5 x 10* m?. On this basis, the final topographic relief within Guizhou province could be
calculated and resampled into the 1000-m resolution.

The spatial distributions of the eight indices are shown in Figure 2.
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Figure 2. Spatial distributions of eight indices: (a) 17, annual average rainfall (0.1 mm); (b) u,, annual
maximum 6-h heavy rainfall (mm); (c) 3, annual maximum 60-min heavy rainfall (mm); (d) uy, river
network density (m/km?); (e) us, vegetation index; (f) us, topographic relief (m); (g) u7, population
density (person/ km?); and (h) ug, GDP density (10,000 RMB (Chinese yuan)/ km?).

3. Methodology and Basic Theory
3.1. Hybrid Entropy—AHP Weight-Calculation Method

3.1.1. AHP Method

The AHP method, as a subjective weighting approach, was first proposed by T. L. Satty in
the 1970s [22]. It expresses and processes subjective human judgments in quantitative terms. It is
widely used in multi-criteria decision-making. The fundamental principle of AHP is the hierarchical
analysis of complex issues. First, the complex issues are decomposed into different components and
levels, forming a multi-level analysis index system. On this basis, the relative importance of any
two indices at the same level is compared and scored using the importance scale. Then, two-by-two
comparison matrixes can be constructed. Subsequently, the relative importance of each indicator is
sorted and normalized to obtain the final weight of each indicator.

The AHP-based method can be summarized as four steps: (1) establishment of hierarchical-analysis
model; (2) two-by-two comparison matrix construction; (3) weight calculation; and (4) consistency
verification.

1. Establish a hierarchical-analysis structure model

First, the components should be identified, including the evaluation issues of range, target
and object. Then, a hierarchical model with several levels can be constructed. The highest level
corresponds to the target layer, which represents the evaluation objective. The lowest layer corresponds
to the indicator layer, which contains several indices.

2. Construct the two-by-two comparison matrix

After establishing the hierarchical model, the affiliation relationship between the layers can be
determined. Next, we can analyze and compare any two factors within each layer. The factors are
ranked and assigned a quantified value according to their relative importance. The 1-9 scale is widely
used to denote the importance of each factor. A larger number represents a more important factor.
Then, the two-by-two comparison matrix R can be constructed.

3. Calculate the weights

Based on the two-by-two comparison matrix R, the factors weights can be calculated. According to
the matrix operation knowledge, the weight coefficient of each factor can be regarded as the eigenvector
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of R, which corresponds to the maximum eigenvalue, Amax [23]. The weight coefficient vector, w, can
be solved and acquired with the following equation:

Rw = Amax@. 3)

4. Verify the consistency

Conflicting conclusions are likely while comparing two indicators within a layer. For example,
when comparing the importance of factors a, b, and ¢, the two-by-two comparison may result in a being
more important than b, b being more important than c, and ¢ being more important than a. Thus, to
ensure a reasonable judgment conclusion, the consistency of the comparison matrix should be verified,
as summarized below:

Step 1: Calculate the consistency indicator (CI).

Cl = (/\max - n)/(n - 1)' (4)

where 7 is the dimension of R.
Step 2: Look for the average random indicator (RI) according to the comparison-matrix dimensions
listed in Table 3.

Table 3. Random indicator (RI) values corresponding to the comparison-matrix dimensions.

n 1 2 3 4 5 6 7 8 9
RI 0 0 058 09 112 124 132 141 145

Step 3: Calculate the consistency ratio (CR).
CR = CI/RI ©)

It is generally accepted that when CR is less than 0.1, the constructed comparison matrix is
completely consistent. Otherwise, the assigned values of the matrix elements should be adjusted until
CR is less than 0.1.

3.1.2. Entropy Weighting Method

The concept of entropy is derived from thermodynamics [24]. In modern information theory,
entropy is a quantitative measurement of uncertainty or disorder. It is proportional to the degree of
uncertainty; i.e., high uncertainty corresponds to high entropy. The entropy-based weight method
is an objective weight-calculation approach based on the entropy principle. Here, the weights are
determined completely by the differences in the observed data.

The general procedure of entropy-based weight calculation includes: (1) the standardization of
the observed data; (2) entropy calculation of each index; and (3) entropy-based weight determination.
The entropy can be calculated with the following equations:

n
e, = —kz pljlnpl],(kzl/lnn), (6)
j=1

n
pij:aij/Za,-j, (i:l,...,m;j:l,z,...,n), (7)
j=1

where e; and w; represent the entropy and the entropy-based weight, respectively, of the ith index; n is
the number of evaluation cases; m is the number of evaluation indices; ajj is the standardized value of
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the jth case under the ith index; and p;; represents the frequency of the jth case under the ith index. If
pij = 0,0In0 = 0. Then, the entropy-based weight can be calculated as in [25]:

wi:(1—ei)/(m—iei),(i:1,...,m), (8)

i=1

m
where w; represents the weight of the ith index, 0 < w; <1land )} w; = 1.
i=1

3.1.3. Hybrid-Weight Calculation Method

The hybrid-weight calculation method multiplies and normalizes the AHP-based and
entropy-based weights. It can attain more effective index weights considering the objective differences
among the indices as well as considering the importance of the indicators. The hybrid weight can be
calculated with the following equation:

m
W = riwi/z riw;, (i=1,...,m), ®
i=1

where W;, r;, and w; represent the hybrid, AHP-based, and entropy-based weights, respectively, of
the ith index.
Finally, the hybrid weight vector can be obtained as follows: W = [Wy, Wy, ..., Wy,] T

3.2. Cloud Model

3.2.1. Basic Theory

A cloud model, derived from information science, is a modern mathematical theory that
specializes in the study of complex uncertainties, which are based on probability statistics and fuzzy
set theories [26]. In the cloud model, the membership cloud yields the membership function, which
compensates the shortcoming in the fuzzy set theory that uses qualitative reasoning methods to
approximately assign a specified membership function. It is composed of numerous cloud droplets.
Each cloud droplet represents the quantitative performance of a qualitative concept.

The cloud model mainly contains three parameters: the expected value (Ex), entropy (En), and
hyper entropy (He). The model can be expressed as (Ex, En, He). The implications of the three
parameters are illustrated below:

e  Exrefers to the expectation of the cloud droplets, which is the central value in the universe of
the qualitative concept.

e En is the uncertainty measurement of the qualitative concept, which is codetermined by
the randomness and fuzziness of the concept.

e  Heis the uncertainty measurement of En, i.e., the entropy of En. It reflects the discrete degree of
the cloud droplets. A larger He value represents a higher cloud dispersion, and the corresponding
cloud will be thicker.

At present, the normal cloud model is the most popular in applications [27].

Assume that C is a qualitative concept in a quantitative universe U, and variable x is a random
implementation of C. Note that x satisfies the normal distribution, x ~ N(En, En’ 2), and En’ ~
N(En, He?). Then, the certainty degree of x to C, yic (x), can be expressed by the following equation:

uc(x) = exp[—(x — Ex)?/2En"?). (10)
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The normal cloud model, (2, 1, 0.1) is demonstrated in Figure 3, in which the x-axis represents
the quantitative value of the contributing factor and the y-axis represents the certainty degree. All
the cloud models in this study are based on the normal model.

08}

07}

06}

05}

Certainty degree

04

03F

01F

Quantitative value of contributing factor

Figure 3. Normal cloud model with parameters Ex =2, En =1, and He = 0.1.

3.2.2. Parameter Determination

Note that factor i corresponds to level j, and the upper and lower boundary values of the level are

11-, jand xzi, j» respectively. The parameter Ex;; can be calculated as described in [28]:

X
_ 1 2
Ex;j= (x';j+x%;)/2. (11)

The boundary value generally belongs to two adjacent levels. It indicates that the membership
degrees of the two levels at the boundary point are equal. Hence, the parameter En; ; can be deduced

as follows:

2 2

_ (xli,j—Exi,j) _ (xzz-,]-fExi/j)
e B e RTINS 05 =
3 (Xli,j’xzi,j)z . (12)
¥t ~05 =

Eni,j = (xli,j — le,])/2355

Parameter He; j is a constant and has a linear relationship with En;j; it is expressed as described
in [29]:
Hel‘,]‘ =k- E?’ll‘]‘, (13)

where k is a coefficient assumed to be 0.1. The value of k can be adjusted according to the practical
cloud discrete degree to ensure that the cloud thickness is appropriate.

3.2.3. Cloud Generator

The cloud generator (CG) primarily includes two types of generators—forward and backward, as
shown in Figure 4.
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Ex —» I —>» Ex
Forward I Backward

En —>| cG — Drop(x, u(x)) | Drop(x, u(x)) —> cG —> En

He —>» : —>» He

(a) (b)

Figure 4. Schematic diagram of cloud generator (CG). (a) Forward CG; (b) backward CG.

The forward CG involves mapping from qualitative to quantitative, which generates a number
of cloud droplets based on (Ex, En, He). It is a direct forward process. Conversely, the backward CG
transforms from quantitative to qualitative. It can convert precise data into the qualitative concept
represented by (Ex, En, He). Because the forward CG will be used in the following context, its algorithm
is described as follows [30]:

Input: Parameters Ex, En, and He; and the number of cloud droplets to be generated, N.
Output: Quantitative values of N cloud droplets and their corresponding certainty degrees.

Algorithm steps:

Step1 Generate a random number A that satisfies the normal distribution, A ~ N(En, He?);
Step2 Generate a random number x that satisfies the normal distribution, x ~ N(Ex, /\2);

Y
o szx) b

Step4 Repeat steps 1 to 3 until N cloud droplets are generated.

Step3 Calculate the certainty degree of x, ji(x) = exp{—

4. Results and Discussion
4.1. Weight Calculation

4.1.1. AHP-Based Weight Calculation

As mentioned in Section 2.2, the risk index system of mountain torrent disaster is divided into
three layers. First, the two-by-two comparison matrixes of the intermediate layer and the index layer,
with reasonable consistency, are constructed. Then, the corresponding weights can be calculated.

For example, take the matrix construction and weight calculation of the intermediate layer. First,
compare the relative importance of the indices in the intermediate layer, and construct a two-by-two
comparison matrix. Next, verify the consistency of the matrix. The result is that Amax =2, CI =0, and
CR =0 < 0.1. Thus, the constructed matrix satisfies the consistency requirement and is acceptable.
Finally, the weights of the indices in the intermediate layer can be calculated, as presented in Table 4.

Table 4. Matrix construction and weight calculation of indices in intermediate layer.

Indicator Hazard Vulnerability Weight
Hazard 1 4 0.8
Vulnerability 1/4 1 0.2
Amax =2 CI=0 CR=0<0.1 Acceptable

The weight calculation of the other indices based on AHP can be calculated following the previous
steps. The results are presented in Tables 5 and 6.
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Table 5. Matrix construction and weight calculation of indices associated with the hazard.

Index Uy up u3 Uy us ug Weight
Uz 1 1/3 1/4 3 4 3 0.1509
Uy 3 1 1/2 4 5 4 0.2700
Us 4 2 1 4 5 5 0.3728
Uy 1/3 1/4 1/4 1 4 3 0.1013
Us 1/4 1/5 1/5 1/4 1 1/4 0.0375
Ug 1/3 1/4 1/5 1/3 4 1 0.0676
Amax = 6.5639 CI=0.1128 CR=0.0910<0.1 Acceptable

Table 6. Matrix construction and weight calculation of indices associated with the vulnerability.

Index uz ug Weight

Uz 1 5 0.8333

ug 1/5 1 0.1667
Amax =2 ClI=0 CR=0<0.1 Acceptable

The ultimate weight of each index for the risk assessment of a mountain torrent disaster is
presented in Table 7.

Table 7. Ultimate weight of each index for risk assessment of mountain torrent disaster.

Target Layer Intermediate Layer Index Relative Weight Total Weight
Annual average rainfall (1) 0.1509 0.1207
Annual maximum 6-h heavy 0.2700 0.2160
rainfall (1)
. Hazard 0.8 ) .
Risk assessment of Annual maximum 60-min heavy
. . . 0.3728 0.2982
mountain torrent disaster rainfall (u3)
River network density (u4) 0.1013 0.0810
Vegetation index (u5) 0.0375 0.0300
Topographic relief (i4) 0.0676 0.0541
s Population density (u7) 0.8333 0.1667
Vulnerability 02 GDP density (i5) 0.1667 0.0333

4.1.2. Entropy-Based Weight Calculation

First, the observed data are standardized using the entropy-based weight-calculation procedures
mentioned in Section 3.1.2; then, the dimensionless data of Guizhou province can be obtained (Table 8),
including those of the cities and APs.

Table 8. Dimensionless data of Guizhou province.

Assessment Cases uq U us Uy us Ug uy ug
Zunyi City 0.204 0.353 0.630 0.413 0.927 0.934 0.223 0.089
Tongren City 0.391 0.498 0.403 0.569 0.511 0.851 0.148 0.048
Bijie City 0 0 0.534 0.032 0.805 0.604 0.330 0.050

AP of southeast Guizhou 0.504 0.334 0 0.359 1 0.832 0 0
AP of south Guizhou 0.561 0.714 0.796 0.317 0.700 0.594 0.052 0.031

Guiyang City 0.226 0.843 0.128 1 0.310 0 1 1
Liupanshui City 1 0.515 0.285 0 0.232 1 0.430 0.224
Anshun City 0.804 0.843 1 0.194 0 0.580 0.362 0.157
AP of southwest Guizhou 0.927 1 0.098 0.088 0.403 0.977 0.204 0.055

With Equations (6)—(8), m = 8, and n = 9, the entropy and entropy-based weight of each index can
be calculated (Table 9).
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Table 9. Entropy and entropy-based weight of each index for risk assessment of mountain torrent

disaster.

Primary Index Secondary Index Entropy Entropy-Based Weight

Annual average rainfall (1) 0.9380 0.0709

Annual maximum 6-h heavy 0.9675 0.0372

rainfall (u5)
Hazard Annual maximum 60-min
. 0.9023 0.1117
heavy rainfall (u3)

River network density (u4) 0.8572 0.1632

Vegetation index (u5) 0.9506 0.0565

Topographic relief (1) 0.9892 0.0123

- Population density (u7) 0.8697 0.1490

Vulnerability GDP density (ig) 0.6508 0.3992

4.1.3. Hybrid Weight Calculation

After acquiring the AHP-based weight and entropy-based weight, the AHP-entropy hybrid
weight of each index can be attained with Equation (9), as presented in Table 10.

Table 10. Hybrid weight of each index for risk assessment of mountain torrent disaster.

Index AHP-Based Weight Entropy-Based Weight Hybrid Weight
Annual average rainfall (u;) 0.1207 0.0709 0.0826
Annual maximum 6-h heavy rainfall (u;) 0.2160 0.0372 0.0776
Annual maximum 60-min heavy rainfall (u3) 0.2982 0.1117 0.3215
River network density (u4) 0.0810 0.1632 0.1276
Vegetation index (u5) 0.0300 0.0565 0.0164
Topographic relief (1) 0.0541 0.0123 0.0064
Population density (u7) 0.1667 0.1490 0.2397
GDP density (ug) 0.0333 0.3992 0.1283

4.2. Evaluation Criteria Determination

Based on the risk index system, the universe of evaluation factors can be constructed as follows:
U = {uq, uy, uz, ug, us, ug, Uy, ug}. The determination of the evaluation criteria is critical to the risk
assessment of mountain torrent disaster. Referring to the guidelines for mountain torrent disaster
prevention, the evaluation criteria of each factor are divided into five levels: very low risk, low risk,
medium risk, high risk, and very high risk. Thus, the assessment universe can be established as follows:
V = {very low risk (I), low risk (II), medium risk (IIT), high risk (IV), very high risk (V)}.

To clearly reflect the risk distribution of mountain torrent hazards in Guizhou province, this
study employs a normal distribution method to determine the classification threshold of each index.
The method uses the normal distribution principle to predetermine the percentage of each level in
the total, which are 10%, 20%, 40%, 20%, and 10%, respectively. The raster data of each index is
classified into five grades, as presented in Table 11.

Table 11. Index criteria determination for risk assessment of mountain torrent hazards in Guizhou province.

Index Level I Level IT Level III Level IV Level V
uq (9938, 10,272.9) (10,272.9,10,942.7) (10,942.7, 12,282.3) (12,282.3,12,952.1) (12,952.1, 13,287)
Uy (107,112.1) (112.1,122.3) (122.3,142.7) (142.7,152.9) (152.9, 158)
u3 (69, 70.2) (70.2, 72.6) (72.6,77.4) (77.4,79.8) (79.8, 81)
Uy (24.8,26.8) (26.8,30.7) (30.7, 38.7) (38.7,42.6) (42.6,44.6)
us (0.795, 0.791) (0.791, 0.783) (0.783, 0.766) (0.766, 0.758) (0.758, 0.754)
g (106.9, 112.2) (112.2,122.8) (122.8,144.1) (144.1, 154.7) (154.7, 160)
Uz (100, 143.5) (143.5, 230.5) (230.5, 404.5) (404.5, 491.5) (491.5, 535)
ug (104.2, 190.3) (190.3, 362.4) (362.4,706.8) (706.8, 878.9) (878.9, 965)
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Based on the index criteria, and considering the parameter determination rules mentioned in
Section 3.2.2, the parameters of the cloud models (Ex, En, He) of the eight indices at the different risk
assessment levels can be attained (Table 12).

Table 12. Cloud models (Ex, En, He) of eight indices at different risk assessment levels.

Index Level I Level 11 Level III
up (10,105.45, 142.2081, 5) (10,607.8, 284.4161, 5) (11,612.5, 568.8323, 5)
Uy (109.55, 2.1656, 0.2) (117.2,4.3312,0.2) (132.5, 8.6624, 0.2)
us (69.6, 0.5096, 0.05) (71.4,1.0191, 0.05) (75, 2.0382, 0.05)
Uy (25.79,0.8408, 0.1) (28.76, 1.6815, 0.1) (34.7,3.3631, 0.1)
Us (0.79295, 0.0017, 0.0001) (0.7868, 0.0035, 0.0001) (0.7745, 0.0070, 0.0001)
Ug (109.555, 2.2548, 0.1) (117.52,4.5096, 0.1) (133.45,9.0191, 0.1)
Uz (121.75,18.4713, 1) (187, 36.9427, 1) (317.5,73.8854, 1)
ug (147.24, 36.5520, 2) (276.36, 73.1040, 2) (534.6, 146.2081, 2)
Index Level IV Level V
ug (12,617.2,284.4161, 5) (131,19.55, 142.2081, 5)
Uy (147.8,4.3312,0.2) (155.45, 2.1656, 0.2)
us (78.6,1.0191, 0.05) (80.4, 0.5096, 0.05)
Uy (40.64, 1.6815, 0.1) (43.61, 0.8408, 0.1)
Us (0.7622, 0.0035, 0.0001) (0.75605, 0.0017, 0.0001)
Ug (149.38, 4.5096, 0.1) (157.345, 2.2548, 0.1)
uy (448, 36.9427, 1) (513.25,18.4713,1)
ug (792.84, 73.1040, 2) (921.96, 36.5520, 2)

The above cloud-model parameters can be regarded as the input of the forward normal cloud
model generator. Then, the quantitative values of the cloud droplets and the relationship between
the membership degree and the index value can be attained.

Figure 5 shows the expressions of the cloud models for the eight indices. The curves from the left
to the right in each figure represent the very low risk level, low risk level, medium risk level, high risk
level, and very high risk level, respectively. Moreover, the graphs also display the characteristics of
the normal distribution of the cloud-model-based membership function.
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Figure 5. Cloud model expression of eight indices with five levels for risk evaluation of mountain
torrent disaster. (a) Cloud model expression of index u;; (b) cloud model expression of index uy;
(c) cloud model expression of index u3; (d) cloud model expression of index uy; (e) cloud model
expression of index us; (f) cloud model expression of index u;; (g) cloud model expression of index u;
and (h) cloud model expression of index ug.

4.3. Cloud Model-Based Certainty Degree Recognition

Using the algorithm of the forward normal cloud-model generator mentioned in Section 3.2.3,
the certainty degree associated with a particular risk level is calculated through 2000 repeated
assessments, and the average value is adopted. The certainty degrees associated with the different
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risk levels of Zunyi City and Tongren City are presented in Tables 13 and 14. The certainty degrees of
the other cases in Guizhou province can be similarly obtained, as presented in Tables 15-21.

Table 13. Certainty degrees of Zunyi City in Guizhou province.

Risk Level
Index
I 1I 111 v A%
up 0.0013 0.8196 0.1791 0.0000 0.0000
Uy 0.0000 0.2089 0.7911 0.0000 0.0000
us 0.0000 0.0000 0.8330 0.1670 0.0000
Uy 0.0000 0.0459 0.9540 0.0001 0.0000
Us 0.6373 0.3209 0.0418 0.0000 0.0000
Ug 0.0000 0.0000 0.0342 0.2607 0.7051
Uy 0.0002 0.7816 0.2182 0.0000 0.0000
ug 0.5782 0.3745 0.0472 0.0000 0.0000

Table 14. Certainty degrees of Tongren City in Guizhou province.

Risk Level
Index
I 1I 111 v A%
up 0.0000 0.0886 0.9114 0.0000 0.0000
%) 0.0000 0.0035 0.9928 0.0037 0.0000
us 0.0000 0.0328 0.9671 0.0001 0.0000
Uy 0.0000 0.0001 0.9706 0.0293 0.0000
Us 0.0000 0.0043 0.9947 0.0011 0.0000
Ug 0.0000 0.0000 0.1227 0.8300 0.0473
Uy 0.0656 0.8184 0.1160 0.0000 0.0000
Ug 0.8121 0.1642 0.0237 0.0000 0.0000

Table 15. Certainty degrees of Bijie City in Guizhou province.

Risk Level
Index
I 1I 111 v A%
up 0.8686 0.1086 0.0228 0.0000 0.0000
up 0.8506 0.1248 0.0246 0.0000 0.0000
us 0.0000 0.0004 0.9889 0.0107 0.0000
Uy 0.8421 0.1362 0.0217 0.0000 0.0000
Us 0.0013 0.8231 0.1757 0.0000 0.0000
Ug 0.0000 0.0000 0.9301 0.0699 0.0000
Uy 0.0000 0.3323 0.6677 0.0000 0.0000
ug 0.8060 0.1697 0.0243 0.0000 0.0000

Table 16. Certainty degrees of AP of southeast Guizhou.

Risk Level
Index
I 1I 111 v A%
up 0.0000 0.0017 0.9960 0.0023 0.0000
up 0.0000 0.2980 0.7020 0.0000 0.0000
us 0.8058 0.1699 0.0242 0.0000 0.0000
Uy 0.0000 0.1881 0.8119 0.0000 0.0000
Us 0.8652 0.1129 0.0219 0.0000 0.0000
Ug 0.0000 0.0000 0.1409 0.8447 0.0144
Uz 0.8678 0.1097 0.0226 0.0000 0.0000

ug 0.8683 0.1087 0.0230 0.0000 0.0000
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Table 17. Certainty degrees of AP of south Guizhou.

Risk Level
Index
I 11 111 v A%
up 0.0000 0.0001 0.9796 0.0203 0.0000
up 0.0000 0.0000 0.4243 0.5756 0.0001
us 0.0000 0.0000 0.2022 0.7970 0.0008
Uy 0.0000 0.3962 0.6038 0.0000 0.0000
Us 0.0000 0.4994 0.5006 0.0000 0.0000
Ug 0.0000 0.0000 0.9487 0.0513 0.0000
Uz 0.7924 0.1821 0.0255 0.0000 0.0000
ug 0.8494 0.1298 0.0209 0.0000 0.0000

Table 18. Certainty degrees of Guiyang City in Guizhou province.

Risk Level
Index
I 11 111 v A%
up 0.0002 0.7765 0.2233 0.0000 0.0000
up 0.0000 0.0000 0.1226 0.8210 0.0564
Uz 0.0237 0.8431 0.1332 0.0000 0.0000
Uy 0.0000 0.0000 0.0235 0.1138 0.8627
Us 0.0000 0.0000 0.6167 0.3833 0.0000
Ug 0.8653 0.1120 0.0227 0.0000 0.0000
Uz 0.0000 0.0000 0.0227 0.1096 0.8677
ug 0.0000 0.0000 0.0229 0.1100 0.8671

Table 19. Certainty degrees of Liupanshui City in Guizhou province.

Risk Level
Index
I 11 111 v A%
up 0.0000 0.0000 0.0228 0.1090 0.8682
up 0.0000 0.0020 0.9919 0.0061 0.0000
us 0.0000 0.4548 0.5452 0.0000 0.0000
Uy 0.8644 0.1127 0.0229 0.0000 0.0000
Us 0.0000 0.0000 0.2776 0.7224 0.0000
Ug 0.0000 0.0000 0.0223 0.1130 0.8647
Uz 0.0000 0.0270 0.9729 0.0001 0.0000
Ug 0.0002 0.7815 0.2182 0.0000 0.0000
Table 20. Certainty degrees of Anshun City in Guizhou province.
Index Risk Level
I 11 111 v A%
up 0.0000 0.0000 0.1671 0.8304 0.0024
U 0.0000 0.0000 0.1228 0.8210 0.0561
us 0.0000 0.0000 0.0207 0.1237 0.8556
Uy 0.0037 0.8278 0.1685 0.0000 0.0000
Us 0.0000 0.0000 0.0219 0.1249 0.8532
Ug 0.0000 0.0001 0.9664 0.0335 0.0000
Uz 0.0000 0.1820 0.8180 0.0000 0.0000
ug 0.0421 0.8346 0.1233 0.0000 0.0000

16 of 20
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Table 21. Certainty degrees of AP of southwest Guizhou.

Risk Level
Index
I 11 111 v A%
up 0.0000 0.0000 0.0341 0.2622 0.7037
up 0.0000 0.0000 0.0251 0.1202 0.8547
us 0.1005 0.7911 0.1084 0.0000 0.0000
Uy 0.5525 0.3970 0.0505 0.0000 0.0000
Us 0.0000 0.0000 0.9503 0.0497 0.0000
Ug 0.0000 0.0000 0.0211 0.1297 0.8492
Uz 0.0013 0.8171 0.1816 0.0000 0.0000
ug 0.7877 0.1864 0.0259 0.0000 0.0000

4.4. Comprehensive Evaluation

As shown in Table 10, the weight vector can be described as: W =
{0.0826, 0.0776, 0.3215, 0.1276, 0.0164, 0.0064, 0.2397, 0.1283}. To avoid having a large degree
of certainty “eat” a smaller one in the comprehensive-evaluation process, the above certainty-degree
matrixes should be normalized before the final evaluation. Then, the sum of each row in

m
the normalized matrix is equal to one; ie., ), rgj = 1. The original proportional relationship of
i=1
the certainty degrees among the levels is preserved. The comprehensive evaluation can be performed
using the following equation:

G=WIR, (14)

where G is the comprehensive evaluation vector with five elements; and R’ represents the normalized
certainty-degree matrix.

Finally, according to the maximum degree of the membership principle, the level with the largest
certainty-degree is selected as the ultimate risk-evaluation grade for a mountain torrent disaster in
Guizhou province, as presented in Table 22.

Table 22. Comprehensive evaluation outcomes of mountain torrent disasters in Guizhou province.

Cases Risk Level Final Risk Level
I II III v A\

Zunyi City 0.085 0.330 0.525 0.055 0.005 III
Tongren City 0.120 0.235 0.635 0.009 0.000 I
Bijie City 0.349 0.151 0.496 0.004 0.000 111

AP of southeast Guizhou 0.593 0.144 0.258 0.006 0.000 1
AP of south Guizhou 0.299 0.119 0.279 0.303 0.000 v
Guiyang City 0.013 0.336 0.092 0.125 0.434 \Y%
Liupanshui City 0.110 0.267 0.523 0.022 0.077 III
Anshun City 0.006 0.256 0.270 0.174 0.294 \%

AP of southwest Guizhou 0.204 0.525 0.109 0.033 0.130 I

As shown in Table 22, the risk grade of each case can be generally classified by five status levels
from low to high. The risk levels of Guiyang City and Anshun City are very high because of their low
topographies, high river-network densities, as well as high rainfalls in the flood seasons.

For instance, the river network density in Guiyang City is as high as 44.59 m/km?, and
the mean value of the annual maximum 6-h heavy rainfall in Anshun City is up to 80.7 mm.
Both values are the highest for Guizhou province. Hence, the hazard from the disaster-inducing
factor and the disaster-pregnant environment is high. Moreover, the two cities have relatively
developed economies, high population density, and high GDP, which result in high vulnerability of
the disaster-bearing body. Therefore, the risk levels are the highest for all the cases in the study.
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The level of the AP of south Guizhou is IV. The evaluation results of Zunyi City, Tongren City, Bijie
City, and Liupanshui City are of medium risk level. The levels of the APs of southwest and southeast
Guizhou are II and I, respectively.

Furthermore, the assessment results are accompanied by the degree of certainty associated with a
particular level, which provides more detailed information than a simple final risk grade. For example,
although the final risk grades of Guiyang City and Anshun City are V, the certainty degree of Guiyang
(0.434) is higher than that of Anshun City (0.294), which demonstrates that the risk level of Guiyang
City is more likely to be V than that of Anshun City is. Another example involves Zunyi City, Tongren
City, Bijie City, and Liupanshui City, all of whose level is III; the certainty degree of Tongren City is
0.635, significantly higher than those of the others. This indicates that the risk for Tongren City is more
severe than those for the other three cities with an identical risk level.

The validity of the proposed cloud-model-based approach was practically verified by comparing
with the actual situation of mountain torrent disasters in Guizhou province. They are more or less
consistent. Guiyang City and Anshun City are located in the transitional zone between the Wumeng
and Miaoling mountains, with plenty of karst landforms and a large disparity in altitude. Rocky
desertification and soil erosion are equally severe. As a result, disasters, e.g., flash floods, landslides,
and mudslides, are frequent. The AP of south Guizhou, Liupanshui City, Zunyi City, Tongren City,
and Bijie City frequently experience heavy rainstorms and floods; these are particularly frequent
in the flood seasons. Moreover, Tongren City is more prone to mountain torrents compared with
the remaining cities [31]. Thus, it is evident that the proposed approach shows the risk level accurately
also reveals the relative probability of risk at the same level.

5. Conclusions

A cloud model-based approach was proposed for the practical risk assessment of mountain
torrent disasters in Guizhou province in China, considering different types of uncertainties in the risk
assessment. A normal cloud model was employed to calculate the degrees of certainty of different cases
based on the processed spatial data of Guizhou province. The outcomes produced by the proposed
approach were validated by comparing with the actual situation. It was determined that the proposed
method was effective for practical work. Moreover, the evaluation outcomes revealed the relative
probability of risk at the same level, providing more detailed information for decision makers.
We concluded that the cloud-model-based approach could accurately and effectively demonstrate
the risk level of mountain torrent disasters.

This approach provides a new guideline for future risk management of basin floods and also
extends the scope of present risk-evaluation methods. As an effective non-engineering measure, it will
have broad prospects in mountain-torrent hazard prevention and land-use planning in different risk
zones in the future.
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