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Abstract
The urban rainstorm–induced flood-water pollution disaster is a kind of systematic risk, which may induce secondary disasters 
that can lead to more serious damage, so this paper first adopts the fuzzy comprehensive evaluation method to determine 
the flood risk by combining with the submergence depth derived from the risk field and other factors data, and then the grid 
environmental risk evaluation method, which is improved by increasing the induced possibility based on Bayesian theory, 
is used to evaluate the flood-induced water pollution risk, and the system comprehensive risk of rainstorm-induced flood-
water pollution disasters is finally obtained by constructing risk level matrix, which can well depict the coupling superpo-
sition effect. Shenzhen City is selected as the study area, and the results showed that the area with high-risk of both flood 
and water pollution only accounts for about 0.14% of the total area, mainly distributed in the eastern junction of Longgang 
district and Pingshan district, where the rainstorms occur frequently and the enterprise risk sources are dense. The system 
comprehensive risk is mostly very low-low and very high-low, accounting for more than 76% of the total area. It is always 
necessary to pay attention not only to the areas with high risk level of both disasters, but also to the areas with high risk level 
of one disaster. The method proposed in this study can not only quantitatively reveal the formation of the induced risk, but 
also provide reference for early warning.
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Introduction

In recent years, the global warming and accelerated urbani-
zation have affected the global climate, and the systemic 
risks caused by climate change are mainly concentrated in 
urban areas (Lian et al. 2017). Extreme heavy precipitation 
events occur frequently, and the intensity and frequency 
of rainstorms tend to increase, threatening social security, 
hindering economic development, damaging the ecologi-
cal environment, and even causing serious casualties and 

property losses, resulting in serious urban flood disasters 
that have attracted widespread attention (Chen et al. 2015; 
Jiang et al. 2018). Moreover, with the rapid development of 
the city and the deepening of industrialization, the surround-
ing area of the urban water sources is gradually occupied 
by some industrial enterprises, and sudden environmental 
events may occur due to natural disasters such as flood or 
human factors; pollutants will enter the water environment 
and flow along the water system, eventually affect the safety 
of water sources, thereby causing the safety of urban drink-
ing water, and even leading to the stable development of 
society (Albanese et al. 2014; Boenne et al. 2014; Cozzani 
et al. 2010, Khakzad and Van Gelder 2018). Urban rain-
storm–induced flood-water pollution has a chain effect and 
magnifies the disaster results, which is also a regional multi-
hazard system problem with the characteristics of complex-
ity and systemic, regional, and serious consequences. There-
fore, it is necessary to conduct a comprehensive analysis 
and research on the two kinds of disasters, flood and water 
pollution, and the correlation between them, so as to provide 
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a scientific basis for the implementation of urban disaster 
prevention and mitigation measures.

In highly urbanized areas, with dense population and 
wealth accumulation, natural disasters such as rainstorm 
can easily induce a series of secondary or derivative disas-
ters, which transfer disaster losses and cause more serious 
damage (Krausmann and Cruz 2013; Krishnakumar et al. 
2022; Zhang et al. 2022). For this induced relationship, 
many studies have used disaster chain, domino effect, cas-
cade effect, coupling relationship, and trigger relationship 
to describe and analyze it (Antonioni et al. 2015; Cozzani 
et al. 2014; Wu et al. 2021). The risk analysis of urban rain-
storm–induced flood-water pollution first needs to deter-
mine the regional flood risk caused by rainstorm (Muis 
et al. 2015). Over the past decades, the assessment of urban 
flood risk induced by rainstorm has attracted the attention 
of scholars, a series of researches have been carried out, 
and many important achievements have been achieved (Link 
et al. 2019). At present, the more commonly used flood risk 
assessment methods mainly include historical disaster anal-
ysis method (Benito et al. 2004; Zhao et al. 2019), index 
system method (Jato-Espino et al. 2019; Shadmehri Toosi 
et al. 2019), remote sensing image method (Li et al. 2016; 
Shao et al. 2021), and scenario simulation method (Chen 
et al. 2018; Sun et al. 2014). Each method has its advantages 
and disadvantages, and there are also many mature research 
practices (Yin et al. 2015). Generally, the evaluation method 
is selected according to the spatial scale of the evaluation, 
the completeness of the basic data, the timeliness of the anal-
ysis results, and the accuracy of the evaluation results. It can 
also be combined with multiple methods for comprehensive 
evaluation. After assessing the regional flood risk level, how 
to determine the triggering relationship is the key of the 
study to carry out subsequent research. The current relevant 
research assumes that the induced event occurs definitely; 
without considering the induced possibility, the induced 
mechanism is not clear enough (Krausmann et al. 2011). 
Water pollution disaster risk is a type of regional environ-
mental risk. Through regional environmental risk assess-
ment, it is possible to systematically identify “hot spots” 
and key issues with high water pollution risk and become 
a solution to deal with urban flood–induced sudden water 
pollution and environmental problems, so as to provide deci-
sion makers with more targeted environmental risk manage-
ment measures (Cao et al. 2019). The common methods of 
environmental risk assessment include comprehensive index 
method (Guan et al. 2022; Huang et al. 2011; Tesfamariam 
and Sadiq 2006), fuzzy mathematical method (Han et al. 
2015; Liu et al. 2014; Zhang et al. 2020b), and environmen-
tal risk field evaluation method (Cao et al. 2019; Xing et al. 
2016; Zhou et al. 2020a, b). Different methods are applicable 
to different scenarios, and how to accurately characterize and 
evaluate the systematic risk of water pollution in urban areas 

is one of the focuses of this study. Urban rainstorm–induced 
flood-water pollution is a high-impact and low-probability 
event, once it occurs, the coupling and superposition of flood 
and water pollution will expand the harmfulness of disasters 
and lead to more serious disaster consequences; in essence, 
it is a multi-hazard problem (Chen et al. 2016; Johnson 
et al. 2016). The research on multi-hazard risk assessment 
is mainly divided into two types: one is the superposition of 
multi-hazard risk, including the superposition of disaster-
causing factors and risks, is mostly linear superposition, is 
lacking research on the interaction between disasters, and 
is not accurate enough (Gill and Malamud 2016; Kappes 
et al. 2012). The other is the coupling of multi-hazard risk; 
there are complex relationships among multiple disasters, 
such as occurrence time, impact scope, and coupling effect 
(Bevacqua et al. 2020). The current research still starts from 
examples, and specific risks are studied based on the cou-
pling of hazard factors, which is highly subjective and lacks 
a universal model. Therefore, it is necessary to seek a com-
prehensive risk assessment method for multi-hazard.

The comprehensive risk of urban rainstorm–induced 
flood-water pollution is a nonlinear problem, which cannot 
be simply superimposed, and is a systemic risk problem. 
Urban rainstorm flood is difficult to predict and strongly 
uncertain, and the urban flood–induced water pollution is a 
dynamic process constantly changing and evolving. Urban 
areas are not only subject to the combined effects of rain-
storm flood and flood-induced water pollution, but also pay 
attention to their induced relationship, and ignoring the rela-
tionship will lead to inaccurate results. Compared with other 
areas, the surface environment and ecological environment 
in the city are very complex, and the coupling and superpo-
sition effect among multiple disasters expands the hazards 
of disasters and has a huge impact on the people’s lives’ 
safety, socio-economic property, and ecological environment 
in the city. There is no report on the comprehensive study 
of urban systemic risk induced by rainstorm, but cities are 
the most prone to induce systemic risk. For systemic risk, 
single-hazard risk assessment methods are difficult to apply 
and cannot fully reflect the interaction and impact between 
multiple disasters; thus, there is an urgent need to seek a 
comprehensive risk assessment method for urban rainstorm 
flood-induced systemic risk. The paper draws on the field 
theory and information diffusion theory in physics and 
considers that the risk system of each disaster includes risk 
sources, risk receptors, and transmission channels; multi-
source, multi-pathway, and multi-receptor are the character-
istics and forms of systemic risk in urban areas. Based on the 
risk formation mechanism, a mathematical model analogous 
to “physical field” is used to quantitatively describe and ana-
lyze the relevant disaster risks after the information obtained 
from the risk sources and risk receptors, and a complete sys-
tematic risk assessment model of urban rainstorm–induced 
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flood-water pollution based on the chain-field combination 
is constructed, which can more accurately and comprehen-
sively characterize the characteristics, triggering process, 
distribution of each disaster risk, and systematic risk, and is 
easy to make decisions and control.

In the paper, the method is applied to our study area, 
Shenzhen City, to determine the system comprehensive risk 
zoning of rainstorm-induced flood-water pollution. The rest 
of the paper is organized as follows: “Study area and data” 
describes the study area and data resources. “Methodology” 
explains the methodology in detail. The results of the study 
are presented in “Results” and discussed in “Discussion.” 
“Conclusion” summarizes this study.

Study area and data

Study area

Shenzhen City is a coastal city located in the southern 
Guangdong Province, adjacent to Hong Kong. The geo-
graphical range of the land area is between 113°43′ and 
114°38′ east longitude and 22°24′ and 22°52′ north lati-
tude; the total area is 1997.47 square kilometers (km2) 
with a zonal distribution. The terrain of the whole area is 
complex, most of which are low hills, with gentle plateaus 
in between, and the coastal plain in the west, forming a 
special terrain with high southeast and low northwest. The 
city has direct jurisdiction over nine districts and one new 

area: Futian, Luohu, Yantian, Nanshan, Bao’an, Longgang, 
Longhua, Pingshan, and Guangming districts and Dapeng 
New Area, as shown in Fig. 1. Shenzhen is the window of 
China’s reform and opening-up, with a developed economy 
and dense population; by the end of 2020, the city’s gross 
domestic product (GDP) was 2767.024 billion yuan, and 
the permanent resident population reached 17.6338 million. 
Shenzhen has a subtropical monsoon climate with mild and 
pleasant climate and abundant rainfall; the annual average 
rainfall is 1935.8 mm, 85% of which is concentrated in the 
flood season from April to October, and the spatial distribu-
tion of precipitation is uneven, showing a decreasing trend 
from southeast to west. There are many rivers, with short 
channels, and there are 362 rivers with a drainage area larger 
than 1 km2; the average length is less than 4 km. In addition, 
there are 149 water storage reservoirs in Shenzhen, 29 of 
which are involved in the water supply.

In recent years, Shenzhen has been one of the cities with 
the most rainstorm and flood in China due to climate, geo-
graphical location, topography, heavy rainfall, and external 
tide (Hadipour et al. 2020). As a rapidly developing mega-
city, the unreasonable discharge has generally polluted water 
bodies; there are still water pollution risks such as “heavy 
end, light source,” and the management of water pollution 
risk sources still needs to be strengthened (Geng et al. 2022; 
Qiu et al. 2019). Therefore, the study of rainstorm-induced 
flood pollution system risk assessment is of great signifi-
cance for regional development planning and emergency 
management in Shenzhen.

Fig. 1   Study area
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Data collection and preparation

Flood data collection and preparation

The flood risk assessment method based on the index sys-
tem has the advantages of easy data acquisition and sim-
ple modeling and has been widely used in urban flood risk 
assessment research (Shadmehri Toosi et al. 2019). In the 
paper, based on the regional disaster system theory and the 
natural disaster risk assessment principles, the urban flood 
risk evaluation index system is constructed by considering 
the flood risk influence factors from two aspects of disaster 
hazard and vulnerability (Arnell and Gosling 2016; Huang 
and Li 2021; Mukhopadhyay et al. 2016; Schumann and 
Andreadis 2016), which specifically includes four categories 
of 11 factor indicators, as shown in Table 1.

The multivariate heterogeneous flood factor data in the 
study area collected from different sources can be summa-
rized into three categories:

1.	 Raster data. Digital elevation model (DEM) with 30-m 
resolution downloaded from the Geospatial Data Cloud 
(http://​www.​gsclo​ud.​cn) can extract elevation and slope 
and calculate the submergence depth by combining the 
idea of field. The land use type data with 30-m resolu-
tion come from the Ministry of Natural Resources Glob-
eLand30 2020 version (http://​www.​globa​lland​cover.​
com), which determines the runoff coefficient.

2.	 Vector data. The administrative division data of the 
study area are from the Resource and Environmental 
Science and Data Center, Chinese Academy of Sci-
ences (http://​www.​resdc.​cn). The basic geographic data 
of rivers and road networks are from the database of the 
National Basic Geographic Information Center with a 
scale of 1:250,000 (http://​www.​webmap.​cn).

3.	 Statistical data. The data of waterlogging points and 
waterlogging points water level needed for submergence 
depth are derived from waterlogging point measurement 

stations of the Water Authority of Shenzhen Municipal-
ity. The GDP data are provided by the Shenzhen Statisti-
cal Yearbook, the population data are obtained from the 
Shenzhen Seventh National Census Bulletin, the spatial 
scale of the data is refined to the street, and not only 
the GDP per capita and GDP density can be obtained, 
but also the data on the distribution of the proportion 
of elderly people over 60 years old. The data on years 
of education are from the average education years of 
the population aged 15 and above in Shenzhen Seventh 
National Census Bulletin.

The study area is divided into 194,544 100 m × 100 m 
grid squares; the raw data is generalized into each grid 
cell by using Geographic Information System (GIS) spa-
tial data analysis function; vector datasets are rasterized, 
and all datasets are spatialized and projected, resampled to 
100 m × 100 m grid cells, cropped to the study area, and 
registered so that all input rasters accurately cover the same 
projection, cell size, and range.

Water pollution data collection and preparation

The collection and preparation of data related to water envi-
ronmental risk assessment is carried out in terms of both risk 
source and risk receptor.

1.	 Risk source. Shenzhen has a wide range, and a venture 
enterprise can be regarded as a water environment risk 
source unit (Xing et al. 2016). In order to analyze the 
water environment pollution risk, the number and dis-
tribution of enterprises in Shenzhen, the key pollutant 
discharge enterprises of water environment in 2020, 
and the risk source level in the emergency plan of these 
enterprises are combined, and finally, 140 enterprises 
with overall higher risk level or above are finally deter-
mined as the risk sources for the water pollution study; 
the detailed location is shown in Fig. 2.

Table 1   Urban flood risk 
evaluation index system

Criterion layer Index layer Scheme layer

Hazard Disaster-causing factor Submergence depth/mm
Disaster-inducing environment Elevation/m

Slope (°)
River network density (km/km2)
Runoff coefficient

Vulnerability Disaster-bearing body Population density (people/km2)
GDP density (ten thousand RMB/km2)
The proportion of the elderly population/%

Disaster prevention and mitigation 
capability

GDP per capita/ten thousand RMB
Years of education/a
Road network density (km/km2)

http://www.gscloud.cn
http://www.globallandcover.com
http://www.globallandcover.com
http://www.resdc.cn
http://www.webmap.cn
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The Q value reflecting the risk of each risk source 
itself, that is, the ratio of the maximum amount of envi-
ronmental risk substances present to the critical amount 
(MEP 2018a), can be determined through statistical col-
lation by comprehensively collecting the environmental 
protection information public announcements of each 
risk enterprise, the environmental statistics data of the 
Ecology Environment Bureau of Shenzhen Municipal-
ity, and the environmental risk assessment report and the 
emergency plan of each risk source enterprise, while each 
enterprise’s production process and water environment 
risk control level M are obtained to characterize the flood 
prevention and control capability of the risk source. It 
should be noted that the Q value follows the principle 
of “equivalent hazard,” which provides the possibility of 
superimposing risks later.

2.	 Risk receptor. Risk receptor data include water bodies 
such as lakes, reservoirs, and rivers and their water 
quality. The National Basic Geographic Information 
Center can also provide classification data of lakes and 
reservoirs with a scale of 1:250,000 (http://​www.​web-
map.​cn), combined with the previously obtained river 
data; their five grade distribution data can be obtained. 
The 2020 water quality monitoring cross-section data 
are from China Environmental Monitoring Station 
(http://​www.​cnemc.​cn) and the 2020 Shenzhen Water 
Resources Bulletin, including the division of water 
quality functional zones and water quality monitor-
ing data. In addition, historical sudden water pollution 
accident data are obtained from the Ecology Environ-
ment Bureau of Shenzhen Municipality and used to 
verify the results.

Methodology

Framework of research methods

This study constructs a systematic comprehensive risk 
assessment model of the integrated method of urban rain-
storm–induced flood-water pollution by integrating methods 
and theories such as fuzzy comprehensive evaluation method, 
Bayesian network theory, and risk field theory and explore sys-
tematic risk assessment in urban areas (Fig. 3). Firstly, in the 
process of rainstorm-induced flood assessment, the influence 
factors and the flood risk process are uncertain and ambiguous; 
the fuzzy comprehensive evaluation method can solve these 
problems very well (Cai et al. 2019; Lai et al. 2020; Sarica et al. 
2021; Zadeh 1965). How to obtain the submergence depth, 
which is a disaster-causing factor, is very important, and see 
“Rainstorm-induced submergence depth method.” After col-
lecting all factor data in Table 1 and referring to the research 
results of Huang and Li (2021) and Abdalla et al. (2014), the 
fuzzy comprehensive evaluation is used to assess urban rain-
storm–induced flood risk in the study area; the specific process 
is shown in the left side of Fig. 3 and supplementary informa-
tion. Secondly, it is necessary to determine whether and how 
likely an enterprise is at risk of water environment pollution. 
Bayesian network is used to quantitatively analyze the pos-
sibility of water environmental risks in enterprises from two 
perspectives: external risk threat and internal risk prevention 
capability. On this basis, the GIS spatial analysis method and 
regional growth method are introduced, and the factors such 
as water system flow direction, water system level, and water 
quality are comprehensively considered to carry out the water 
pollution environmental risk zoning study for the study area; the 
specific steps are shown in “Flood-induced water pollution risk 

Fig. 2   Distribution of water pol-
lution risk sources in Shenzhen

http://www.webmap.cn
http://www.webmap.cn
http://www.cnemc.cn
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assessment method.” Finally, the rainstorm-induced flood risk 
and the flood-induced water pollution risk are obtained from 
the above method; because the two risks are inconsistent in 
nature and correlated, it is necessary to find a coupling method 
(“Multi-hazard system comprehensive risk research”) to obtain 
the rainstorm-induced system risk in urban areas.

Rainstorm‑induced submergence depth method

This paper draws on the active submergence algorithm and 
uses the idea of risk field to construct an urban rainstorm 
submergence algorithm. The basic idea of the algorithm is 
that the rainstorms in local areas of the city cause water to 
accumulate in low-lying areas, which in turn overflows and 
spreads outward when the water is full, that is, submergence. 
All low-lying waterlogging points are risk sources, and the 
water level of the risk source is compared with the eleva-
tion of the adjacent outer ring grid to determine whether the 
ponding water spreads outward. This is the gradual submer-
gence process of accumulated water along the terrain from 
high to low. In this process, it is also necessary to determine 
whether the ponding areas where multiple risk sources may 
spread have intersected (Huang et al. 2020; Zhang et al. 
2020a). The specific steps of the algorithm are as follows:

1.	 Elevation attribute. Based on grid division 100 m × 100 m, 
the DEM data is read to obtain the elevation value of each 
raster, which is marked and numbered by matrix (x, y) as the 
attribute value of DEM raster.

2.	 Determine the location of waterlogging points. These 
locations are the depressions prone to flood or obtained 
from actual surveys to further determine the raster num-
ber of risk sources and their waterlogging level, which 
are also used as DEM raster attributes.

3.	 Waterlogging diffusion. Starting from a waterlogging 
point risk source, the waterlogging diffusion is carried 
out in turn to judge whether the waterlogging level is 
greater than the elevation value of the eight grids in the 
adjacent outer circle. If it is more than, the waterlogging 
will spread to this grid, which has connectivity with the 
risk source, and the water depth value of the waterlog-
ging point will be assigned to the grid waterlogging 
elevation. The flood spreads outward in a circle until 
the waterlogging level is less than the elevation value of 
the outer circle or reaches the boundary.

4.	 Repeat step (3) to get the diffusion range of all risk 
sources. When a grid participates in the diffusion of two 
or more nodes, its elevation each time is calculated as 
the original elevation.

5.	 Multi-risk source problem. After the diffusion of all 
risk sources is completed, it is judged whether there is 
a grid involved in the diffusion process of multiple risk 
source waterlogging point nodes. If there is, this grid 
is considered to be affected by the risk source with the 
highest waterlogging level, and the diffusion results in 
these grids are updated. Until all grids are judged, the 
diffusion is finished.

6.	 Submergence depth. Each grid waterlogging level minus 
its elevation value is the rainstorm submergence depth of 
the grid, and finally, the submergence result in the study 
area is obtained.

Flood‑induced water pollution risk assessment 
method

Urban flood is generally caused by short-term extreme heavy 
rainfall, which is sudden, and the discharge of enterprise risk 
substances induced by it is also sudden (Yang et al. 2018), 

Induce
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Original data

Fuzzy matrix R
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Comprehensive weight

Weight coefficient matrix W

Compound fuzzy matrix B=R×W

Calculation of maximum membership degree

Fuzzy comprehensive evaluation

Flood hazard
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risk receptor

Water environment 

receptor vulnerability
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Water pollution risk map
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Fig. 3   Framework of the proposed method
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then the flood-induced water environment pollution disaster 
is a sudden environmental risk event. The environmental risk 
system consists of three elements: risk source, receptor, and 
pathway (Cao et al. 2019; Liu et al. 2018). The risk field can 
characterize the hazard mode and scale of enterprise risk 
sources, and the tolerance of risk receptors to hazard from 
risk sources can be characterized by receptor vulnerability 
(Cao et al. 2019; Zhou et al. 2020b). This paper refers to and 
revises the grid-based environmental risk analysis method in 
the Recommended Methods for Risk Assessment of Envi-
ronmental Incidents in Administrative Areas (MEP 2018b) 
and combines the ideas and methods of the environmental 
risk field evaluation method to evaluate the flood-induced 
water pollution risk in the study area (Xing et al. 2016). This 
paper only conducts risk assessment for water environment 
pollution and assumes that the water environment pollutants 
leak instantaneously. The specific steps are as follows:

1.	 Grid division. Considering the size of the study area, 
the create fishnet function of ArcGIS is used to divide 
it into grids of 500 m × 500 m, which are marked and 
numbered with a matrix. The risk at (x, y) in the matrix 
is determined by the risk field strength and risk receptor 
vulnerability that may occur there.

2.	 Water environment risk field strength calculation. The 
strength of a grid water environmental risk field is 
related to the nature and amount of risk substances dis-
charged and the distance between the grid and the risk 
source (Xing et al. 2016; Zhou et al. 2020a, b). The flood 
risk level is determined to quantify the impact of flood 
on the enterprise risk source, and then the grid-based 
environmental risk analysis method is introduced to cal-

culate the risk field strength of the water environmental 
risk source (Xing et al. 2016), which can be expressed 
as:

where Ex,y is the flood-induced water environment risk 
field strength in a grid; Qi is the ratio of the maximum 
amount of environmental risk substances present in the i 
th risk source to the critical amount; Px,y is the probabil-
ity of the risk field appearing in a certain grid, generally 
10−6/a; li is the distance between the grid center point and 
the risk source, the unit is km, and the maximum influ-
ence distance is set to 10 km; n is the risk source number; 
Pi is the occurrence probability of the flood-induced sud-
den water environmental events at risk sources (Alva-
rez-Galvez 2016; Khakzad and Gelder 2018). The risk 
itself is an uncertainty event, so the formation of envi-
ronmental risk field also has a certain probability, that 
is, when the enterprise risk source is submerged, water 
environment pollution event will not necessarily occur. 
Whether the enterprise has risk material leakage, on the 
one hand, it should consider the submergence depth of 
the enterprise involved, and on the other hand, it is also 
related to the enterprise’s own water environment risk 
prevention and control capabilities, thus calculating the 
possibility of the enterprise risk material leakage from 
the two perspectives of disaster-causing factors and 
prevention and control capabilities, as shown in Fig. 4. 

(1)Ex,y =

⎧
⎪⎨⎪⎩

∑n

i=1
PiQiPx,y, 0 ≤ li ≤ 2∑n

i=1
(1 −

li

20
)PiQiPx,y, 2 ≤ li ≤ 20

0, 20 ≤ li

Fig. 4   Bayesian network for 
the possibility of flood-induced 
water pollution
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This conditional probability is mainly based on Bayes’ 
theorem (Huang et al. 2021), which is determined by the 
following formula:

where P(Ai)P(B∕Ai) is the total probability formula, which 
can deduce the probability value of the relevant states. B is 
the flood risk level, Ai refers to all the possible causes of 
event B , P(Ai) refers to the prior probabilities derived from 
priori data, and i represents a specific variable.

The water pollution environmental risk field is affected 
by the external environment, the location of the risk sources, 
its own properties, and the propagation medium and is char-
acterized by uneven intensity. The direction of water flow 
will flow from high to low and affect the surrounding grid 
only when the grid where the risk source is located is higher 
than the surrounding grid. In order to accurately determine 
the influence scope of the risk source, the regional growth 
method is introduced to search from the first circle grid clos-
est to the risk source and compare the elevation value of the 
eight surrounding grids with those of the risk source (Zhou 
et al. 2020a, b). If it is less, this grid around the risk source 
is considered as the affected grid. Repeat the above steps 
and stop the search once the elevation value is greater than 
the last comparison grid value or the 10-km boundary is 
reached. Then, the risk field strength of each risk source in 
each grid is calculated according to formula (5). If the same 
grid is affected by multiple risk sources, the sum of the field 
strength of these risk sources on that grid is the risk field 
strength of that grid.

The flood-induced water environment risk field strength 
of each grid is standardized for comparison, and the formula 
is as follows:

where Ex,y is the flood-induced water environment risk field 
strength of a grid, multiplied by 100 to make all risk field 
strength fall within [1,100], so as to be consistent with the 
subsequent vulnerability; Emax is the maximum water envi-
ronment risk field strength in the whole area; Emin is the 
minimum water environment risk field strength in the whole 
area 

3.	 Water environmental risk receptor vulnerability calcu-
lation. Referring to the research results of Zhou et al. 
(2020a) and Cao et al. (2019), the sensitivities of dif-
ferent grids in the study area are determined mainly by 
considering the levels of rivers, lakes, and reservoirs 
and the functional area of water bodies. The method for 

(2)Pi = P
�
Ai∕B

�
=

P
�
Ai

�
P
�
B∕Ai

�
∑n

i=1
P
�
Ai

�
P
�
B∕Ai

�

(3)Ex,y =
Ex,y − Emin

Emax − Emin

× 100

calculating the vulnerability of water environmental risk 
receptors is shown in Table 2.

4.	 Calculation of flood-induced water pollution risk index. 
The following formula (4) is used to calculate the flood-
induced water pollution risk index in each grid:

where Rx,y is the flood-induced water pollution envi-
ronmental risk index at (x, y) ; Ex,y is the flood-induced 
water environment risk field strength at (x, y) ; Vx,y is the 
vulnerability index of water environmental risk receptor 
at (x, y) . According to the grid environmental risk index 
value, the flood-induced water pollution risk is divided 
into four levels: very high risk ( Rx,y > 80), high risk (60 
< Rx,y  ≤ 80), moderate risk (30 < Rx,y  ≤ 60), and low 
risk ( Rx,y ≤ 30).

Multi‑hazard system comprehensive risk research

When multiple different types of risk sources act together 
on risk receptors, their physical hazard indicators should not 
be directly superimposed because their risk properties are 
different, and how to solve this problem has become a hot 
topic of research nowadays. In multi-hazard, linear stacking 
of all risks will result in inaccurate risk assessments due 
to the interaction between hazards (Andric and Lu 2016). 
However, different types of hazard interactions may affect 
disaster-bearing bodies simultaneously, leading to nonlinear 
additivity problems in risk assessment. After calculating the 
urban rainstorm–induced flood risk and flood-induced water 
pollution risk using the methods in the previous two sec-
tions, the [flood-pollution] risk level matrix (Table 3) is con-
structed from the two disaster risk level dimensions of flood 
and water pollution to acquire the urban rainstorm–induced 
flood-water pollution system comprehensive risk in each 
grid (Karatzetzou et al. 2021, 2022).

Results

Rainstorm‑induced flood risk assessment

The short-time extreme heavy precipitation weather event 
in Shenzhen on April 11, 2019 is chosen to illustrate the 
application of the model. Under the influence of cold air 
and shear lines, short-time extreme heavy precipitation 
occurred from 19:00 to 23:00, accompanied by convective 
weather such as gusty winds and strong thunderstorms. 
The heavy rainfall was mainly distributed in Futian, 
Luohu, Bao’an, and Guangming districts, with heavy 
rainfall and short duration; the maximum average rainfall 

(4)Rx,y =
√

Ex,y × Vx,y
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is 65.5 mm in Luohu district, and more than half of the 
rainfall concentrated within 10 min, reaching 50- or 100-
year return period, causing serious casualties and property 
damage. The hourly rainfall data from the rainfall monitor-
ing stations on April 11, 2019 are interpolated to get the 
rainfall spatial distribution map in ArcGIS, and the water 
level of waterlogging points on that day is obtained from 
the waterlogging point measurement stations, as shown 
in Fig. 5.

The highest water level of the waterlogging point is 
in Futian district, followed by that in Bao’an district and 
Guangming district, which is not quite consistent with the 

distribution of heavy precipitation because of the geographi-
cal location of the waterlogging point measurement stations, 
which has a strong relationship with rainstorm-induced sub-
mergence. Based on the actual geographic environment and 
the water level at the waterlogging point, the urban rain-
storm–induced submergence algorithm with risk field idea 
is used to obtain the submergence depth (Fig. 6).

The areas with deeper submergence are mainly located 
in Futian, Luohu, Bao’an, and Guangming districts, where 
heavy precipitation is concentrated and the terrain is rel-
atively low, especially in the western and southwestern 
coastal areas. In addition, the coastal areas may be affected 

Table 2   Determination method of water environmental risk receptor vulnerability

Target Index Description Weight Score

Water environmental risk receptor vulner-
ability index

River, lake, reservoir grade Grids through which grade 1 rivers, lakes, 
reservoirs, etc

1/3 100

Grids through which grade 2 rivers, lakes, 
reservoirs, etc

80

Grids through which grade 3 rivers, lakes, 
reservoirs, etc

60

Grids through which grade 4 rivers, lakes, 
reservoirs, etc

40

Grids through which grade 5 rivers, lakes, 
reservoirs, etc

20

Water functional area Grids through which class I water quality in 
rivers, lakes, reservoirs, etc

1/3 100

Grids through which class II water quality in 
rivers, lakes, reservoirs, etc

80

Grids through which class III water quality in 
rivers, lakes, reservoirs, etc

60

Grids through which class IV water quality in 
rivers, lakes, reservoirs, etc

40

Grids through which class V and inferior 
class V water quality in rivers, lakes, 
reservoirs, etc

20

River, lake, reservoir buffer zone Grids through which 1 km buffer zone of riv-
ers, lakes, reservoirs, etc

1/3 100

Grids through which 3 km buffer zone of riv-
ers, lakes, reservoirs, etc

75

Grids through which 5 km buffer zone of riv-
ers, lakes, reservoirs, etc

50

Grids through which 10 km buffer zone of 
rivers, lakes, reservoirs, etc

25

Table 3   Comprehensive risk 
level matrix of flood–pollution

Flood risk Pollution risk

Low Moderate High Very high

Very low Very low-low Very low-moderate Very low–high Very low-very high
Low Low-low Low-moderate Low–high Low-very high
Moderate Moderate-low Moderate-moderate Moderate-high Moderate-very high
High High-low High-moderate High-high High-very high
Very high Very high-low Very high-moderate Very high-high Very high-very high
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to external tide; submergence is more serious. While some 
areas in Longhua, Pingshan, and Longgang districts are also 
submerged, not very deep. Together with the other factor 
data of flood risk, the flood risk level of each Shenzhen City 
can be obtained by using the principle of maximum mem-
bership (Fig. 7).

It can be seen from Fig. 7 that the very high risk areas are 
mainly distributed in Futian, Nanshan, Guangming, Bao’an, 
Luohu, and Longhua districts and some sporadic distribu-
tion in Longgang and Pingshan districts and Dapeng New 
Area. The risk level of most areas in Longgang district is 
high. The moderate risk level areas are mainly distributed 
in Pingshan, Longgang, and the central part of Bao’an and 
Yantian districts; Dapeng New Area, the southern part of 
Pingshan district, and the eastern part of Longgang district 

are low and very low risk level areas. The flood risk map 
shows that within the percentages of the study area are about 
30.93% at very high risk, 6.04% high risk, 9.48% moderate 
risk, 7.91% low risk, and 45.62% very low risk. In general, 
the rainstorm-induced flood risk level distribution in Shen-
zhen is consistent with the submergence depth (Fig. 6). The 
flood risk level and its causes in different regions are ana-
lyzed from the perspective of flood hazard and vulnerability; 
it is found that the key influencing factors are different in 
each region, and there are large differences between differ-
ent regions in each district. For example, Futian, Luohu, 
and Nanshan districts are the central urban area of Shenz-
hen, with flat and low topography, adjacent to the seashore, 
densely populated, economically developed, high proportion 
of impervious area, and obvious population aging, while 

Fig. 5   Rainfall and waterlog-
ging point water level on April 
11, 2019

Fig. 6   Submergence depth on 
April 11, 2019
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these areas have frequent heavy rainfall, external tidal topog-
raphy, and severe submergence, so the areas are at a very 
high flood risk level with high flood risk hazard and vulner-
ability. Other very high and high risk areas also have high 
hazard and vulnerability, or one of them is very high, such 
as the western part of Bao’an district has high hazard and 
vulnerability, Longhua district has high vulnerability, and 
Longgang district has high hazard. In general, the distribu-
tion of rainstorm-induced flood risk level has the charac-
teristics of concentrated contiguous with a high degree of 
consistency with the submergence situation; the distribution 
range of very high risk level and very low risk level is large, 
the areas with high risk level are concentrated in Longgang 
district, and moderate risk and low risk areas are scattered.

The travel guidelines for rainstorm weather in 2020 were 
issued by the Transport Bureau of Shenzhen Municipality 
et al. (2020); there are 128 flood-prone waterlogging points 
across the city, with relatively dense waterlogging in Futian, 
Luohu, Nanshan, Guangming, Bao’an, Longhua, and Long-
gang districts. Compared with the flood risk level map in 
this paper, the most waterlogging points are located in areas 
with moderate risk level and above, and the two are basically 
consistent.

Flood‑induced water pollution risk

The distribution of flood-induced water pollution risk field 
strength and water environment receptor vulnerability in 
Shenzhen are shown in Fig. 8a and b.

In terms of risk field strength distribution, most areas 
are relatively low, areas with higher risk field strength are 
mainly distributed in the east of Longgang district, Pingshan 
and Bao’an districts have some moderate risk field strength 

areas, while other areas have low risk field strength, espe-
cially in the southern part of Shenzhen. This spatial dis-
tribution shows that it is centered on a single or multiple 
enterprise risk sources with relatively larger and greater risk 
level, radiating to the outside and gradually decreasing in 
strength. The area with the highest field strength of flood-
induced water pollution risk is located at the eastern junction 
of Longgang district and Pingshan district, which is affected 
by the risk sources of more than a dozen risky enterprises 
nearby; the superposition effect of risk field strength is obvi-
ous, and the solid waste treatment plant with the maximum 
risk source index is also in this area. At the same time, the 
area often suffers from heavy rainfall, and the submergence 
is deeper, leading to a high probability of water pollution 
risk, so the risk field strength of flood-induced water pol-
lution in the region is high. From the distribution of water 
environmental risk receptor vulnerability, the highly sensi-
tive areas are mainly distributed in and around water bodies, 
especially lakes and reservoirs as water sources, as well as 
linear areas of rivers.

The results of flood-induced water pollution risk in Shen-
zhen are calculated after obtaining the field strength of the 
flood-induced water pollution environmental risk and the 
vulnerability of the water environment disaster bearing body, 
and the distribution is shown in Fig. 8c. The most areas are 
low-risk areas for water pollution, without very high risk 
areas. Relatively high-risk areas are mainly areas with con-
centrated risk sources and high flood submergence water 
depth level, such as the northwest of Bao’an district, the 
eastern part of Longgang district, and the central part of 
Pingshan district, where the water environment risk receptor 
vulnerability values are also relatively high. The area with 
high risk is 3.14 km2, accounting for 0.16% of the study 
area; the area with moderate risk is 12.8 km2, accounting for 

Fig. 7   Flood risk level distribu-
tion on April 11, 2019
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Fig. 8   Spatial distribution of 
flood-induced water pollution 
risk analysis in Shenzhen: a risk 
field strength; b risk receptors 
vulnerability; c water pollution 
risk
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0.64%, and the area with risk is 297.01 km2, accounting for 
14.87%. In conclusion, some risk sources are close to water 
environment sensitive areas, resulting in water environment 
pollution risk with regional characteristics, and the spatial 
distribution of water pollution environmental risk is con-
sistent with the distribution of its risk field strength, but the 
water pollution risk also needs to consider the vulnerability 
of disaster-bearing body.

The statistics of water pollution accidents in the admin-
istrative punishment information released by the Ecology 
Environment Bureau of Shenzhen Municipality from 2012 
to April 2022 are summarized, and the accident statistics of 
each district (Fig. 9) and the spatial distribution of major 
water pollution accidents (Fig. 8c) show that the water pol-
lution accidents mainly occur in the western part of Bao’an 

district, the eastern part of Longgang district, and the north-
ern part of Longhua district etc., which is basically in line 
with the spatial distribution result of flood-induced water 
pollution risks estimated in this paper, indicating that the 
results in this paper are credible.

System comprehensive risk

After completing the risk assessment of both flood and water 
pollution, the two risks are coupled with reference to Table 3 
to obtain and draw the system comprehensive risk distribu-
tion of rainstorm-induced flood-water pollution in Shenzhen, 
as shown in Fig. 10 and Table 4.

The areas with very high-high risk are mainly concen-
trated in the eastern junction of Longgang district and 

Fig. 9   Statistics of water pollu-
tion accidents in Shenzhen

Fig. 10   System comprehensive 
risk of rainstorm-induced flood-
water pollution in Shenzhen



59839Environmental Science and Pollution Research (2023) 30:59826–59843	

1 3

Pingshan district, accounting for about 0.07% of the total 
area, because the rainstorm-induced flood risk and flood-
induced water pollution risk levels in these areas are rela-
tively high. The area of very high-moderate risk zone is 4.83 
km2, accounting for 0.24% of the total area. The area of very 
high-low risk zone is 611.66 km2, accounting for 30.62% of 
the total area, and the detailed percentage of various risk 
levels in the study area is shown in Table 4. From the system 
comprehensive risk distribution of each district, Longgang 
district has very high-high risk areas, accounting for 0.35% 
of this district. Pingshan district has high-high risk areas, 
accounting for 0.40% of this district etc. (Table 4). From 
the distribution of various system comprehensive risk level, 
the highest percentage is very low-low, followed by very 
high-low, both accounting for more than 76% of the total 
area. The areas with very high-high and high-high risk are 
very small, adding up to only 2.9 km2. Figure 10 and Table 4 
clearly show that the distribution of various risk levels is 
characterized by concentrated contiguity, and only a few risk 
levels are relatively dispersed. Each district contains only 
a few risk levels, and one or two risk levels account for a 
relatively high proportion, for example, Longhua district has 
only five risk levels, of which very low-low and very high-
low account for more than 85%.

As mentioned above, the overall system comprehensive 
risk is mostly very low-low and very high-low, but the rain-
storm-induced flood-water pollution risk has chain effect 
and coupled superposition effect, so city managers need to 
pay attention to areas with frequent natural disaster risks; 
dense distribution of risk source enterprises and better water 
quality have high risk. Furthermore, it should be noted that 
there are few regions with relatively high risk for both disas-
ters, and a relatively high percentage of areas with high risk 
level for one hazard, covering approximately 617.94 km2 and 
accounting for 30.93% of the total area, which requires the 
attention of managers.

Discussion

The existing disaster risk assessment methods rarely focus 
on how risk factors are released, the spatial distribution pat-
tern after release, and how risk receptors are exposed to risk 
factors and the degree of damage, which cannot describe 
the risk occurrence and development process well. These 
problems can be better explained and analyzed by the risk 
field model. When analyzing the rainstorm-induced flood 
risk, some existing methods, such as the SCS-CN model and 
the isometric method, can quickly obtain the submergence 
results, but their prerequisite assumptions of uniform pre-
cipitation on the regional surface, flat terrain, less research 
on large-scale areas, and no consideration of connectivity 
(Nagarajan and Poongothai 2012). This paper uses the risk Ta
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field algorithm to obtain the submergence depth and range, 
which has two advantages. On the one hand, it can clearly 
describe the process of rainstorm-induced submergence in 
urban areas. On the other hand, in the current general lack 
of data, the algorithm proposed in this paper can use lim-
ited data to quickly determine the submergence depth and 
range, although it is not as accurate as the hydraulic and 
hydrological models; its calculation is simple and practical 
and does not require a large number of high-precision data 
that is difficult to obtain (Beven 2019; Song et al. 2015). 
Urban flood–induced water pollution risk assessment using 
risk field theory fully considers the hazard of risk sources 
and the vulnerability of risk receptors, as well as the spatial 
location relationship between them; grids the area; and visu-
alizes the risk on the map. This method can well characterize 
the water pollution risk characteristics and comprehensively 
understand the distribution, type, and scale of regional water 
pollution risk. Moreover, most of the current studies take 
administrative regions as the study units, and the microscale 
is less raster-based, so the variability of the results cannot 
be well reflected.

The research on the disaster chain assumes that the chain 
relationship is certain to occur and does not involve the pos-
sibility of inducing accidents. In this paper, the risk field 
strength formula is improved by increasing the likelihood 
of emergencies based on Bayesian conditional probability, 
and comparing the risk field strength of flood-induced water 
pollution (Fig. 8a) and sudden water environmental pollution 
(Fig. 11), it is found that the relative risk value of flood-
induced water pollution risk field strength in 70.24% of the 
grids has been reduced, indicating that flood and water pol-
lution became less likely to occur simultaneously, which is 
more in line with the actual situation. However, flood disas-
ters in urban areas increase the frequency of water pollution, 
and if flood and water pollution jointly affect a certain area, 

the risk of these two disasters is coupled and superimposed, 
exacerbating the hazard and causing more serious harm once 
they occur simultaneously.

The scale of data is spatiotemporal, and dividing the 
study area into several evaluation units is an important way 
to achieve risk assessment and draw risk maps (Zhao 2012), 
but there is currently no unified standard or method to deter-
mine the spatial scale of evaluation units. In the specific 
analysis, the size of the evaluation unit spatial scale can be 
confirmed according to the scope of the study area, the scale 
of the data, etc., or referring to the previous experience and 
research results (Zhao 2016), and further research is needed 
to quantify how to ensure a reasonable and scientific grid 
scale. In this paper, the grid method can better reflect the 
spatial distribution characteristics of regional environmental 
risk, accurately identify high-risk areas, while seeking accu-
rate and high-resolution data as much as possible to improve 
the accuracy of risk assessment results, although this may 
reduce some computational efficiency, so the study based on 
advanced methods to collect more and more high-resolution 
data while also considering the stability and computational 
efficiency of the algorithm. The research results accurately 
identify high-risk areas, provide accurate reference for pre-
dicting and managing regional environmental risk, help rel-
evant departments change from passive environmental risk 
emergency management to active risk management, and 
timely identify and solve the problems existing in environ-
mental risk areas.

In the paper, the influence of ground facilities such as 
buildings on ponding diffusion is not considered when ana-
lyzing submergence depth. The risk field strength calculation 
utilizes the Q value, without using the actual water environ-
ment risk material discharge. These may lead to some uncer-
tainty in the results that require further research to solve. 
In the future, it is also necessary to study the chain effect 

Fig. 11   Risk field strength of 
sudden water pollution
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and coupled superposition effect of chain-field combination; 
further explore other disasters induced by flood; extend the 
disaster chain; and more importantly, explore a universally 
applicable multi-hazard risk coupling evaluation method, 
so as to comprehensively study the urban flood–induced 
systematic risk.

Conclusion

The study proposes a novel spatial framework for the rain-
storm-induced flood-water pollution system comprehen-
sive risk based on fuzzy comprehensive evaluation method, 
Bayesian network, and risk field theory. Firstly, the submer-
gence depth calculated by the risk field idea algorithm is 
combined with other influencing factors to obtain the flood 
risk distribution by using the fuzzy comprehensive evalu-
ation method. Secondly, the possibility of flood-induced 
water pollution determined by the conditional probability 
of Bayesian theory is added to improve the gridded envi-
ronmental risk analysis method to assess the environmental 
risk of flood-induced water pollution. Finally, the [flood-
pollution] risk level matrix is constructed to explore the rain-
storm-induced flood-water pollution system comprehensive 
risk in Shenzhen.

The established model is applied to evaluate the rain-
storm-induced flood-water pollution system comprehensive 
risk in Shenzhen, and the results show that there is no very 
high-very high systematic risk level area. The eastern junc-
tion of Longgang district and Pingshan district has high-
high and above risk level areas, only 2.9 km2; where the 
rainstorm-induced flood risk is very high, the probability 
of flood-induced water pollution is also high, and the con-
centration of risk sources as well as the vulnerability value 
of water environment risk receptors is also relatively high. 
The risk level in most areas is very low-low and very high-
low, accounting for more than 76% of the study area. The 
rainstorm-induced flood-water pollution risk has a chain 
effect and coupled superposition effect; the area with very 
high flood risk accounts for 30.93% of the total area, about 
617.94 km2, and special attention should be paid if the risk 
source is in this area.

The research has achieved some innovative results, such 
as using risk field theory to assess the risk of various disas-
ters, quantitatively analyzing the induced chain relationship 
based on Bayesian network, improving the environmental 
risk field calculation method, and characterizing the sys-
temic risk of induced multi-hazard by drawing on the risk 
matrix. The research results provide a scientific basis for 
formulating urban planning policies, flood control, and eco-
logical environment management. The rainstorm-induced 
system comprehensive risk can be mitigated and reduced 
by taking a series of engineering and non-engineering 

measures to cut off the transmission of chain risk and elimi-
nate subsequent risks in the chain. Specific strategies include 
strengthening the rainstorm forecast, optimizing industrial 
layout, improving access standards, enhancing source pre-
vention and control, monitoring and early warning, devel-
oping targeted emergency plans, implementing hierarchical 
management, and introducing insurance system in the future 
to hedge environmental pollution risks.
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