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Abstract This study presents the methodology and procedure for risk assessment of flood
disasters in central Liaoning Province, which was supported by geographical information
systems (GIS) and technology of natural disaster risk assessment. On the basis of the
standard formulation of natural disaster risk and flood disaster risk index, of which weights
were developed using combined weights of entropy, the relative membership degree
functions of variable fuzzy set (VFS) theory were calculated using improved set pair
analysis, while level values were calculated using VFSs, including hazard levels, exposure
levels, vulnerability levels and restorability levels, and the flood risk level for each
assessment unit was obtained using the natural disaster index method. Consequently,
integrated flood risk map was carried out by GIS spatial analysis technique. The results
show that the southwestern and central parts of the study area possess higher risk, while the
northwestern and southeastern parts possess lower risk. The results got by the assessment
model fits the area of historical flood data; this study offer new insights and possibility to
carry out an efficient way for flood disaster prevention and mitigation. The study also
provides scientific reference in flood risk management for local and national governmental
agencies.
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1 Introduction

Flood disaster poses one of the greatest overall and most widely distributed natural risks in
highly developed and/or densely populated regions throughout the world. Flood disaster
accounts for about a third of all natural disasters in terms of the frequency of occurrence,
the fatalities and economic losses (Chang et al. 2009). Moreover, The Fourth Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC) reveals that flood
disaster and the losses generated by them will continue to grow in frequency and severity
in the future (2007). China is one of the countries most afflicted with serious flood disaster
in the world (Yang et al. 2013). According to statistical analysis, it is shown that the
damage area of flood disasters had reached 9.35 x 10* km? in each year from 1951 to
2000 (Wen and Ding 2008). The study area is located in center of Liaoning Province,
which has the highly developed economic and densely population; therefore, the flood
disaster will bring the huge impaction to the economy once it happened. For example, a
flood disaster with serious damage occurred in 1995, during the flooding, some 3.2 million
residents have been affected, and at least 100 fatalities have been registered across the
affected region. The direct economic loss from weeks of large-scale flooding is estimated
at 3.9 billion yuan (Wen et al. 2005). The most affected by the flood disasters were local
people’s life, infrastructure, agriculture, economic structure, supply and tourist; finally,
they restrict the development of local economy. Consequently, it is important to assess the
risk of flood disaster in order to make strategies to mitigate flood hazard and reducing the
losses from it.

Flood disaster risk assessment is the fundamental procedure for the flood risk man-
agement; it is not only the effective decision-making of flood control and mitigation, but
also it has been a hot and difficult issue of international studies. Flood disaster risk
assessment in the international can be divided into qualitative assessment and quantitative
assessment; quantitative assessment assesses a potential risk by means of several well-
weighted indicators, and it can be conducted in two ways: the probabilistic risk assessment
method (Unami et al. 2010) and the comprehensive risk index method (Zhang et al. 2012).
The probability risk assessment method assesses the possible risk level by analyzing
quantitative historical data; the presentation is usually selected that many impact factors
such as mortality and economic loss. For example, Van Dyck and Willems (2013) develop
a probabilistic model to estimate the rate of flood-induced losses for a set of properties
distributed over a large geographical region; Li et al. (2013) put forward a composite
method based on artificial neural network and information diffusion method for flood
analysis, which used the affected area, the number of deaths, collapsing houses and other
historical disaster data; Ji et al. (2013) built a classification and regression tree model for
the flood risk assessment with the available data of Hunan Province. Comprehensive risk
index method usually uses a synthetic value through considering all kinds of indicators to
assess the risk level. For example, Stefanidis and Stathis (2013) proposed method factors in
order to assess flood hazard, which used the coupling of the analytical hierarchy process
and geographical information systems based on either natural or anthropogenic. Zhang
et al. (2010) used the natural disasters risk index, based on administrative regions, grids
and spatial scale of settlement to assess the risk of storm flood in middle and lower reaches
of the second the Songhua River area.

It is well known that flood disaster has a significant seasonality, regional and repeat-
ability characteristics. So it is very important to timely and accurately monitor flood
disaster and to assess the flood disaster risk in the flood-prone area. Remote sensing
technology has been introduced as a basis method for monitoring floods by analyzing the
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flood depth, submerged area. There are a number of international scholars who conducted a
series of studies. For example, Taubenbock et al. (2011) have used remotely sensed data
for flood risk assessment in urbanized areas; Rakwatin et al. (2013) have been used
synthetic aperture radar (SAR) imagery, optical satellite imagery to map the area flooded
and to estimate water volume in near real time to support decision-making for flood relief
operations. Duan et al. (2012) developed an improved model of regional flood disaster risk
assessment based on remote sensing data to assess flood risk.

However, there is an unavoidable fact that the geographic, remote sensing and statistical
information used to present risk factors, which have multiplicity, complexity, uncertainty
and inaccuracy characteristics. All of them make flood risk assessment into a worldwide
problem of multi-principle and multi-level fuzzy synthetically evaluation (Zou et al. 2012).
Therefore, uncertainty theory has been introduced into the flood risk assessment by many
researchers, for example, Monte Carlo method (Neal et al. 2013; Ruiz-Villanueva et al.
2013), neural networks (Li 2011), fuzzy comprehensive evaluation (Sun et al. 2014), set
pair analysis (Su et al. 2013; Song et al. 2013) and variable fuzzy set (VFS) theory (Su
et al. 2013). Researchers have achieved some achievements based on those methods.
However, all of them are not good at deal with the problem of fuzzy and uncertainty
information in the disasters system. For example, the neural network has not greater
generalization ability and reliability because it is easy to over convergence during its
learning process. Fuzzy comprehensive evaluation cannot well solve the information
duplication problem caused by related assessment indices. Variable fuzzy set theory and its
computation processes are complicated and tedious, and its establishment of relative
membership function depends on physical analysis and expert’s instinct or experience
according to different problems. Taking into consideration on these disadvantages or
deficiencies of the approaches aforementioned, many other theories, methods and evolu-
tionary algorithms are combined for various improvements; meanwhile, this is a trend that
connects different advantages of approaches with each other to form new approaches. In
the paper, we use improved set pair analysis method to calculate the relative membership
degree, in order to counteract the defects of maximum membership degree law of VFSs.
The level value is calculated using VFSs to solve the problem of level judgment distortion,
and it has the advantages of simple calculation and intuitionist course, clear physical
meaning and reasonable results. Therefore, it can be seen as organic combination of the
two theories.

The occurrence of flood disasters is due to both natural and human factors. Traditional
studies are often limited to the hazard formation or monitoring, whereas economic and
management factors of flood disaster risks are less taken into account. Therefore, in this
study, flood disaster is regarded as a multiple system with natural, social and economic
components. Integrated risk of flood disaster is defined as a composite function of hazard
(H), exposure (E), vulnerability (V), and emergency response and recovery capability
(abbr. Restorability) (R) based on the standard formulation of natural disaster risk. The
study took central Liaoning Province as a case study area based on GIS (geographic
information system). The current study was to evaluate risk of flood disaster taking county
as a basic unit. In the support of technique of natural disaster risk assessment, entropy
combination weighted method, optimal partition method(OPM), improved set pair analysis
and the VFES theory, which from the viewpoints of climatology, geography, disaster science
and environmental science. The objectives of the study are to (1) establish a conceptual
framework of flood disaster risk and the primary risk assessment indicator system; (2)
calculate the weights for each indicator by entropy combination weighted method; (3)
develop the improved set pair analysis and the VES theory model, get access to the flood
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hazard levels, flood exposure levels, flood vulnerability levels and flood restorability levels
for the unit areas; (4) finally obtain the flood risk level for each assessment unit using the
natural disaster index method and carry out the integrated flood risk map for flood risk
management. The results obtained in this study specifically offer new insights and possi-
bility to carry out an efficient way for flood disaster prevention and mitigation. It also
provides scientific reference in flood risk management for local and national governmental
agencies as they are responsible in disaster resource allocation, planning decisions and
efforts in public education.

2 General description of the study area

A part of Liaoning Province in northeast China situated between 40°01'—43°29'N and
122°11'-125°46'E. The central Liaoning Province is one of the important economic zones
in Northeast China; it is one of the four famous Chinese urban agglomerations. It is
administratively divided into seven cities (Fig. 1), including a sub-provincial city:
Shenyang and six prefecture-level cities: Anshan, Fushun, Benxi, Yingkou, Liaoyang and
Tieling. Detailed speaking, those cities include 21 counties in the study area. It covers an
area of 6.28 x 10* km?, nearly account for 44 % of total province. And its population is
22.50 million people. The study area is a crossing river with complex underlying surface
characteristics and vagaries of weather and climate characteristics. Therefore, flood
disaster happened much more frequently with widely range in recent years. Major pre-
cipitation occurs in June-September, which accounts for more than 60 % of the total
annual rainfall. Because of the distribution of the annual rainfall is considerably uneven
both in time and space, the average annual rainfall precipitation is 500-900 mm (Figs. 2,
3).Thus, flood disaster in central Liaoning Province has become one of the most important
factors that restrict the development of the social and economic.

Flood disaster is related not only to climatic factors, but also to conditions of the earth’s
surface such as landform and geomorphology. The eastern is a hilly area, where mostly are
low mountains and hills; the central and western are Liaohe alluvial plain, according to the
Liaoning Province meteorological disasters ceremony. The total damage area reaches up to
3.99 x 10* km?, and the total damage area reaches up to 2.76 x 10* km? from 1950 to
1990 in central Liaoning Province, they account for more than 67.2 and 67.0 % in Liaoning
Province, respectively. In terms of the affected area of those cities, Shenyang accounts for
24.1 % of the total affected area, and it ranks first in the province (Fig. 3).

3 Materials and methods
3.1 Data sources

The meteorological data were obtained from the China Meteorological Data Sharing
Service Network during 1960-2009 from 15 meteorological stations, of which five stations
are around the central Liaoning Province. Social and economic data were collected from
Statistical Yearbook of Liaoning Province (2006-2011) and Chinese macro data mining
analysis system website. The LUCC data are provided by Cold and Arid Regions Science
Data Center at Lanzhou (http://westdc.westgis.ac.cn) and Database of Global Change
Parameters, Chinese Academy of Sciences. (http://globalchange.nsdc.cn). Digital elevation
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Fig. 1 Diagram of the study area

Legend

Legend

— contour line —— contour line
The annual precipitation The annual rainstorm
(mm/year) (times/year)
[1516 - 600 -
[ 600 - 680 0 20 40 Skm B 1.1
0 20 40 80km [ 680 - 760 m19-21
e S - .
B I 760 - 840 mm21-27
I 840 - 920 mm27-34

Fig. 2 Annual rainfall and storm frequency spatial distribution in central Liaoning Province
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Fig. 3 Damage area and Inundated area from 1950 to 1990 in central Liaoning Province

model data are selected STRM system of digital elevation model data (90 m resolution).
The procedure of flood risk assessment in this paper is described in Fig. 4.

3.2 Research methods
3.2.1 The principle of natural disaster risk

Natural disaster means that a natural variable exceeds a certain level and results in some
damage to human and social economies; natural disaster risk is defined as the hazard-related
potential adverse effects and total economic loss expected in a region as a composite func-
tions of H, E, V and R. The natural disaster risk can be expressed as the following:

Naturedisasterrisk = f(Hazard; exposure; vulnerability; Restorability)
=HNENVNR

(1)

where H, E, V and R are hazard, exposure, vulnerability, and Emergency response and
recovery capability(abbr. Restorability), respectively.

3.2.2 Improved set pair analysis

Set pair analysis was proposed by Zhao (Zhao 1989) and applied to many fields such as
system engineering, hydrology and multi-attribute assessment. A set pair is formed by
putting together the certainty and uncertainty sets. It is depicting the relationship between
them from three aspects as identity, discrepant and contrary, which can be given as fol-
lows: ws_gy = a + bi+ ¢j. This is called the three-element connection degree. However,
in practice, this depiction has not been able to meet the requirements of accuracy for many
studies; two sets may have more than one kind of discrepancy degree. According to the
developability principle of original connection degree, we can obtain five-element con-
nection degree, which can be shown in Eq. (2):

Mg = a+bi+cj = a+biiy + byir + bajs + ¢ (2)

where 4_p) is the connection degree of the set pair; i is the uncertainty coefficient of
discrepancy degree; j is the coefficient of the contrary degree; a, b and c are the identical
degree, discrepancy degree and contrary degree, respectively; by, b, and b3 are the numbers
of different kinds of discrepancy characteristics; and a + by + by + bs +c =1, i €
[-1,1],j=—1.

There are m assessment area, with the property description area of the nth indicators, x;;
is the jth indicator of the ith area (i = 1, 2,...,m;j = 1,2,...n). The flood evaluation level is
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Fig. 4 Flow chart of flood disaster risk assessment

divided into k levels (k = 1, 2,...k) in this article to make k = 5. The flood evaluation level
is made into a set (Ax = [Sis,...,Skj>---»Sks]) and made the indicator values of four flood
factors into a set (B; = [x;1,....X;,....%in]). Then, putting together set A, and set B; to form a
set pair H (A, B;). Finally, it can calculate the connection degree between the evaluation
unit and level of hazard, exposure, vulnerability and restorability, respectively.

When x;; is a negative index, the computational equations of u;; are as follows:

1, x; <8y
wjr = 4 1 =2(x; = S;)/ (Syj — S1y), 1y <x < Sy (3)
—l,x,-j >Szj
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(7)

When x;; is a positive index, the corresponding computational equations of u;; are as

follows:

Ujji =

uijz =

Uz =

uij4 =

Ujjs =

L, x;; > 8y,

1—2(8y —x5)/(S1; —

—l,x,j<S2j

5),S1;

L —=2(x;j = S1;) /Sy, x5 > Sy

1,Slj > Xij 252]'

1= 2(Sy —xy)/(Sy —

—l,xij<S3j

—l,x,;,-lej
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1 s Xij >S3j
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where §;; — Ss; are extremum of the standard from level
Jj=12,...n. uy is the single index connection degree that represents the correlation
between x;; and the level k; it can be seen as a ‘‘compact ladder type’’ function structure for

make best use of the information of the set pair x; and sy;.
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3.2.3 Variable fuzzy set theory

Fuzzy set theory, which deals with uncertainties information in the system (Zhang and Lu
2009), has become an appropriate method for establishing risk management (Zhang et al.
2009). But it cannot adapt to the requirement of fuzzy hydrology in mathematics. Variable
fuzzy set theory, which based on engineering fuzzy set theory, is a new way to ascertain the
membership degree and function of a fuzzy subset in the domain of interest. In this paper,
after the calculations of u;;, we can get access to the synthetic connection degree % using
VES theory:

i=1

Obviously, the more indicator x;; differs from the level k, the closer for u to —1, and
the more impossible the indicator x; belongs to the level k; on the contrary, the larger the
identity between the indicator x; and level k, the closer for u; to 1, and the more
impossible the indicator x;; belongs to level k. So it is a type of relative membership degree
of the VFS theory. The corresponding relative membership degree u; between the indi-
cator x; and level k can be calculated as:

vi = (1 + 1) /2 (14)

k
Vi = vir/ Zv,-k (15)
=1

In this way, we can calculate the level of hazard, exposure, vulnerability, and emer-
gency response and recovery capability, respectively. And the level value H can be cal-
culated as:

0=k, (16)
k=1

3.2.4 Entropy combination weighted method

The AHP is an appropriate method for deriving the weight assigned to each indicator and
has been applied to assessments of natural disasters. It has been tested in handling regional
complicated problems of different standards and indices. Entropy weight is a kind of
objective weight methods. Entropy combination weighted method using minimum relative
entropy principle and by combining entropy weight and AHP can reduce the influence of
subjective and objective (Sun et al. 2013).

wy— Y ix Wy (17)
LWy Wy

where W; is the combination weight of j index, W, is the subjective weight of j index, and
W,; is the objective weight of j index.

3.2.5 Optimal partition method (OPM)

OPM was described by Fisher (1958), who described an algorithm for calculating optimal
partitions of one-dimensional data sets. The goal of OPM described in the one-dimensional
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case is the minimization of the same objective sum of squares distance (Zhang et al. 2014).
It was used to partition level standards and the threshold of flood risk level in this study.

4 Risk assessment model of integrated risk of flood disaster

As mentioned earlier, flood disaster is regarded as the multiple systems with natural, social
and economic components. It is about water-related potential adverse effects and total
economic loss expected in a region which are the composite function of H, E, V and
R based on the standard formulation of natural disaster risk (Liu et al. 2011). The multi-
attribute risk assessment model of flood disaster was employed on improved set pair
analysis and the VFS theory in this study.

4.1 Conceptual framework of integrated risk of flood disaster

Based on the principle of flood formation and the theory of natural disaster risk, a con-
ceptual frame for flood disaster risk was established (Fig. 5). The conceptual framework
provides a rationale for the choice of indicators and the way in which they are combined.
The four main factors (H, E, V and R) are disaggregated into more specific sub-factors, in
order to simplicity, and there is no interaction among the factors were included. Hence, the
risk of flood disaster is the result of the combined action of these four factors.

4.2 Establishment of the risk assessment indicator of flood disaster

Based on the analysis of geographical features in central Liaoning Province, and by
considering the purpose, comparability, the principle of scientific maneuverable, the
indicators were chosen from hazard, exposure, vulnerability and restorability and the risk
assessment indicator system of flood disaster was established in central Liaoning Province
(Table 1). The entire indicator system is divided into object hierarchy layer, rule hierarchy
layer and realm hierarchy layer.

Hazards describe the extreme climatic loadings and severity of threats and harms to
society. Therefore, hazard is mainly affected by meteorology and topography, vegetation
and hydrology condition. The extreme precipitation is the main cause of flood disaster;
richer precipitation may cause flood disaster. The frequency of extreme precipitation event
was measured by the 99th percentile method based on the daily precipitation data.
Afterward, the frequency of extreme precipitation event was distributed by Kriging
interpolation method in space. Finally, the mean frequency of extreme precipitation of each
city and county can be calculated by ArcGIS 10.0, which has a function that calculates the
average of all cells in the value raster that belong to the same zone. The Dem lower and
landform change less, the easier flood disaster appears. Elevation standard deviation was
represented landform change. The higher the drainage density the easier flood disaster
appears. Vegetation coverage is also important for flood disaster, because they can store
water resources to reduce the buffering, hence, vegetation coverage lower, the smaller
capacity of buffering, the higher flood hazard is.

Exposure mainly describes social, economic and ecosystem that impacted by flood
disaster. The people, architecture and social economy are the main objects affected flood
disaster. Population density was selected to describe the life exposure; the assets density
and economic density were chosen to describe the socioeconomic exposure. In the areas
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Fig. 5 Conceptual framework of integrated risk of flood disaster

with high population, the assets density and economic density, the potential losses of flood
disaster are higher.

Vulnerability describes the extent of damage and losses in population and ecosystems. It
represents the degree when the disaster was happened. Life vulnerability describes the
individuals and groups more likely to be injured, killed or displaced by flood disaster.
Proportion of male and female was selected to represent the life vulnerability degree. He
higher education level is, the higher capacity of resist flood disaster, eventually the lower
people daily lives were disrupted by flood disasters. Therefore, it is selected to describe
industry vulnerability. The affordability of waterlogged farmland is weaker; flood disaster
for waterlogged farmland will bring a greater impact.

Restorability describes the capacity of recover from the impacts in a short time period.
When disaster happens, the higher density of road network is, the faster relief supplies will
be allocated, and the smaller losses will be. The economic resources usually are reflected
by GDP per capita. Richer region could quickly reach the pre-disaster area, and it is
impossible that the loss of disaster will be reduced. The per capita medical person was
selected to describe the capacity of recover from flood disaster.

4.3 Determine the evaluation level standards and indicator weights

There are indicators to determine the thresholds of evaluation standards using OPM. The
lower function error is, the best classification is, and F value must be passing the F reli-
ability test. Figure 6 is shown the error function and F test plot. All of them meet the 0.05
reliability test; therefore, in this paper, indicators of flood disaster risk assessment were
divided into five levels, respectively. The evaluation level standards are described in
Table 2.

Idicator weights were determined by combining entropy weight and AHP, according to
the contribution of every factor, they will have a quantitative weight. For AHP, the
judgment matrix is built that according to the final cumulative scores and by comparing the
total score of every factor. Based on the judgment matrix, we can calculate the weight of
the factors and test the consistency using yaahp5.0 software. Stochastic consistency ratio of
the judgment matrix is CR = 0.0945, 0.0176, 0.0694 and 0.0519. According to AHP, if
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Table 1 Flood risk assessment indicator system

Object Rule Realm Indicator Rule Realm Indicator
hierarchy hierarchy hierarchy hierarchy hierarchy hierarchy hierarchy
Flood risk Hazard Precipitation Annual Vulnerability Population ~ Proportion of
assessment precipitation male and
(mm/year) female (%)
Extreme Education
precipitation level (%)
event
frequency
(times/year)

Elevation Altitude (°) Economy Proportion of
industrial
electricity
(%)

Terrain Elevation Waterlogged
standard farmland
deviation (m) (km?)

River Drainage density

network (km/km?)

Vegetation ~ Vegetation
coverage rate
(%)

Exposure Population Population Restorability ~ Action Density of
density ability road
(people/km?) network
(km/km?)

Architecture  The assets Resource The per capita

density allocation medical
person
(people)

Economy Economy The per capita
density GDP
(thousand (thousand
yuan/km?) yuan/

people)
Fig. 6 Error function and F test 151 80
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CR < 0.10, the judgment matrix has satisfactory consistency; otherwise, the judgment
matrix must be adjusted. Our results indicate that judgment matrix of the flood disaster has
a satisfactory consistency. Then, based on Eq. (17), we can determine the indicator weights
(Table 2).

4.4 Establishment of the risk assessment model

According to the principles of natural disaster risk formation and the standards of evalu-
ation indicators, the combined weights of entropy are applied to determine weights for
each indicator. Improved set pair analysis and the VFSs theory are used to calculate the
flood hazard levels, flood exposure levels, flood vulnerability levels and flood restorability
levels. Eventually, we constructed flood risk assessment model in central Liaoning
Province.
Wh We Wy
FDRA — T X ET X VI (18)
1+ R

where wy, w,, w, and w, are wight of hazard, exposure, vulnerability and restorability,
respectively. They mean the relatively important of factors for natural disaster risk.

5 Integrated risk assessment of flood disaster
5.1 The risk assessment of flood disaster in central Liaoning Province

It takes county as the basic assessment unit and supposes each indicator in the county is
distributed evenly; we can calculate the average value of the indicators in the county. Then,
we can calculate the flood hazard levels, flood exposure levels, flood vulnerability levels
and flood restorability levels using improved set pair analysis and VFSs theory. The
corresponding evaluation level will be divided into five levels, they are, respectively,
defined as very low, low, middle, high and very high. Level standard is described in
Table 3.

When assess flood disaster risk, the formation mechanism of flood disaster risks must be
followed. With the help of GIS, the choropleth maps of hazard, exposure, vulnerability and
restorability are drawn, respectively. The spatial distribution of hazard levels is shown in
Fig. 7a. From the region, we know that the major area are above the middle level. More
than middle level areas accounted for 67.9 % of the total number of the area. Very high
level area is Benxi. Middle and high hazard levels of flood disaster account for 17.9 and
46.4 %, respectively. Very low and low hazard levels of flood disaster are both comprised
28.6 % of the total area. Overall, the spatial structure of flood hazard level in central
Liaoning Province is obviously increasing from southeast to northwest. High hazard areas
are mainly located in the hilly region of southeast and east, middle hazard areas are mainly
located in the southeastern and northeastern regions of hilly region, and low hazard areas
are mainly located in the northwest of the alluvial plains.

The spatial distribution of exposure levels is shown in Fig. 7b. High and very high
exposure are mainly located in the high economic level and densely populated urban areas,
they account for 21.4 and 7.1 % of the total area, respectively. Middle exposure zone
accounts for 14.3 %. Very low and low exposure levels of flood disaster account for 39.3
and 17.9 % of the total area, respectively. Overall, the exposure levels of flood disaster are
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Table 3 Level standard

Level I 1I 1 v v

Level range [1,2) [2,2.5) [2.5,3.5) [3.5,4) [4,5)

(b)

Legend Legend

Hazard level Exposure level
- Very low - Very low
[0 1w [0 row

[ | midale [ middie
[ nigh wowm I high

I very high Lo B Very high

Tigling ingyuan
ieling County Qingy

Xinmin

Shenyang & 0

Huanren

Haicheng

Legend Legend
Vulnerability level . Restorability level
- Very low - Very low
- low - low

[ | midate [ midate
I g woin I bigh
I very nigh R I very high

Fig. 7 Maps of hazard level (a), exposure level (b), vulnerability level (¢) and restorability level (d) in
central Liaoning Province
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Table 4 Optimal partition points and F test for FRDA

Item First Second Third Fourth F(4,n — F0.05(4,n —
partition Partition partition partition k—1)
point (T1) point (T2) point (T3) point (T4)

FRDA 28 0.78 0.9 1.07 1.21 2.8

0.8
0.6
S
S 04
2
5 \
v '\
0.2 Legend
Risk level
\I\\\\ B very tow
.\\‘ [ tow
.\I\. - middle
0.0 T T T T " [ nigh
2 4 6 8 10 e I very bigh
classification

Fig. 8 Map of error function and classification number of optimal partition and flood risk level in central
Liaoning Province

obviously increasing from central city area to the surrounding counties on the spatial
distribution; however, the zone of very low exposure is mainly in the north and east areas.

The spatial distribution of vulnerability levels is shown in Fig. 7c. There are mainly in
the above middle level. Middle vulnerability area accounted 14.3 %. High vulnerability
areas only include Tieling, Tieling county and Tai’an. Very high vulnerability area only
includes Fushun, whereas the low vulnerability area accounted for 25 % and the very low
vulnerability areas include Benxi and Xiuyan. Overall, low vulnerability areas are located
in the southeast and northwest, and middle and above middle vulnerability areas are mainly
located in the central and northwestern.

Shown in Fig. 7d is the spatial distribution of restorability levels. It can be seen that
mainly high restorability areas located in the municipal district and county-level cities in
economically developed regions, they are comprised about 32 %. middle and under middle
levels areas account for 32 and 36 %, respectively. From the spatial distribution, the high
restorability areas located in the central region, the middle restorability areas are mainly
located in the eastern and southwestern, and very low and low restorability areas mainly
located in southcentral and northern.

After the analysis of each factor on the flood disaster risk in central Liaoning Province,
the four factors forming risk are considered together. Then, to calculate eigenvalues of
flood disaster risk, the result was classified into the following five levels: very low risk:
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Legend
Flood disaster frequency

- Very low
- low

[ | miadie
[ nigh

0 20 40 80 km - Very high

Fig. 9 Frequency of flood disaster happened in central Liaoning Province from 1977 to 2006

FDRA value < 0.78, low risk: 0.78 < FDRA value < 0.9, middle risk: 0.9 < FDRA
value < 1.07, high risk: 1.07 < FDRA value < 1.21 and very high risk: 1.21 < FDRA
value < 1.38. The thresholds of flood level using OPM were based on the characteristics of
risk eigenvalues. The result through the 0.05 reliability test is shown in Table 4; therefore,
five classifications are the best choice in this research.

Finally, the map of flood risk assessment in central Liaoning Province based on GIS is
shown in Fig. 8. The results show that Yingkou, Shenyang Diaobingshan, Anshan and
Fushun belong to the very high risk level. Tieling, Fushun, Benxi. Those cities have high
development economic and densely population in this study. Tai’an and Dashiqgiao belong
to the high risk level. Liaozhong, Haicheng and Kaiyuan belong to the middle risk level.
Other areas are under the middle risk level. Overall, the southwestern and central parts of
the study area possess higher risk, while the northwestern and southeastern parts possess
lower risk.
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5.2 Precision verification

In order to verify the applicability of flood risk assessment methods and models that
proposed in the study, we calculate the frequency of flood disaster from 1977 to 2006 in
central Liaoning Province, which were obtained from China meteorological disasters
ceremony (Liaoning volume) and the China Meteorological Disasters Yearbook. The
frequency of flood disaster is shown in Fig. 9. Through comparative analysis, we found
that this fits the results got by the assessment model. So, this assessment model is reliable.

6 Discussions and conclusions

Flood risk analysis is the fundamental procedure for climate adaptation assessment. To
assess the risk level of flood disaster risk, it is necessary to analyze hazards, exposures,
vulnerabilities and restorability. However, flood disaster risk as a natural and societal
phenomenon is neither precise nor certain. In this paper, we analyze the concept of fuzzy
risk in relation to environment and socioeconomic using a new model. This study presents
the methodology and procedure for risk assessment of flood disasters in central Liaoning
Province. On the basis of the standard formulation of natural disaster risk and integrated
risk factors of flood disaster, including hazard, exposure, vulnerability and restorabil-
ity,combined weights of entropy, improved set pair analysis and the VFES theory. Finally,
integrated flood risk maps were carried out by GIS spatial analysis technique. All in all, the
results show that the southwestern and central parts of the study area possess higher risk,
while the northwestern and southeastern parts possess lower risk in central Liaoning
Province. The high risk levels are mainly located in the highly developed economic and
densely population areas. Although there is high rainfall and many rainstorms occur in
southeastern area, the area is the developing region. The northwestern area not only has
less rainfall than other region, but also is the developing region. The computational results
demonstrate that the model presented in this study to assess flood disaster risk is reason-
able, reliable and applicable. Therefore, the methodology can be applied to the study of
other nature disaster risks. The results obtained from this study can intend to support local
and national government agencies when they make flood disaster resource allocation, high-
level planning decisions, to process the sustainable development, and so on.
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