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Abstract: Influenced by climate change, extreme weather events occur frequently, and bring huge
impacts to urban areas, including urban waterlogging. Conducting risk assessments of urban
waterlogging is a critical step to diagnose problems, improve infrastructure and achieve sustainable
development facing extreme weathers. This study takes Ningbo, a typical coastal city in the Yangtze
River Delta, as an example to conduct a risk assessment of urban waterlogging with high-resolution
remote sensing images and high-precision digital elevation models to further analyze the spatial
distribution characteristics of waterlogging risk. Results indicate that waterlogging risk in the city
proper of Ningbo is mainly low risk, accounting for 36.9%. The higher-risk and medium-risk areas
have the same proportions, accounting for 18.7%. They are followed by the lower-risk and high-risk
areas, accounting for 15.5% and 9.6%, respectively. In terms of space, waterlogging risk in the city
proper of Ningbo is high in the south and low in the north. The high-risk area is mainly located
to the west of Jiangdong district and the middle of Haishu district. The low-risk area is mainly
distributed in the north of Jiangbei district. These results are consistent with the historical situation
of waterlogging in Ningbo, which prove the effectiveness of the risk assessment model and provide
an important reference for the government to prevent and mitigate waterlogging. The optimized risk
assessment model is also of importance for waterlogging risk assessments in coastal cities. Based
on this model, the waterlogging risk of coastal cities can be quickly assessed, combining with local
characteristics, which will help improve the city’s capability of responding to waterlogging disasters
and reduce socio-economic loss.

Keywords: urban waterlogging; risk assessment; GIS; Ningbo

1. Introduction

With the continuous intensification of global warming and the rapid development
of urbanization, extreme rainfall events occur frequently, which consequently lead to in-
creased urban waterlogging [1]. The rise in atmospheric temperature under the greenhouse
effect not only leads to more evaporation, but also increases the atmosphere’s ability to re-
tain moisture [2]. Rainstorm and waterlogging disasters caused by heavy rain or typhoons
have become one of the most common and serious natural disasters in many large cities
in the world, especially in coastal regions. According to the survey, China is currently
one of the most countries prone to floods in the world, among which the eastern coastal
provinces and cities, Sichuan, Chongqing, and the middle reaches of the Yangtze River
are the areas at risk [3]. The impacts of typhoons and storm surges on coastal areas are
sudden and destructive, which can result in seawater intrusion, coastal erosion, the de-
struction of urban infrastructure, and even a large number of deaths and economic loss [4].
Waterlogging is one of the main problems faced by most cities in China, which directly
restricts the urbanization process [5]. In 2018, 31 provinces in China suffered from flooding,
affecting 55,765,500 people. More specifically, 83 cities experienced flooding, which caused
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a direct economic loss of CNY 161.547 billion [6]. Increasing urbanization also means that
more people are affected by waterlogging disasters; for example, waterlogging disasters
can cause significant health losses, including deaths, accidents, mental health problems,
infectious diseases, etc. [7]. Waterlogging prevention and control solutions play an impor-
tant role in alleviating the conflict between man and nature and promoting healthy and
sustainable developments of cities. Consequently, scientific and accurate risk assessments
are an important basis for reducing costs and effectively preventing urban waterlogging. It
is also of importance for improving the level of urban management and optimizing urban
planning and design.

Risk assessment models of urban waterlogging are mainly based on remote sensing
images combining with geospatial data to build the model. However, the accuracy of
remote sensing images and spatial data is not high. High-resolution remote sensing images
can help to better identify land types and subtle topographical fluctuations which can affect
the flow of water bodies. Thus, this study used high-resolution remote sensing images
and high-precision digital elevation models to show changes in land use type and terrain.
Given that waterlogging is caused by poor drainage and water accumulation, this study
introduced the pumping station flow to the selection of indicators. At the same time, this
study added indicators, such as road density, to construct the optimized risk assessment
model from the perspective of the large measuring scale, which could assess waterlogging
risk comprehensively. Based on the principle of natural disaster risk analysis, this study
evaluated waterlogging disaster risk from the perspectives of dangerousness, sensitivity,
and vulnerability.

As a typical coastal city in the Yangtze River Delta, Ningbo has experienced frequent
waterlogging disasters, which adversely affect urban development and people’s lives. To
explore the distribution of waterlogging disaster risk in Ningbo and provide scientific
references for future waterlogging prevention and control, this study takes the city proper
of Ningbo as an example to comprehensively assess waterlogging risks, including danger-
ousness, sensitivity, vulnerability, by optimizing the urban waterlogging risk assessment
model. The results are visualized with the help of ArcGIS 10.2. This study aims to explore
theories and methods of large measuring scale and refined urban waterlogging risk as-
sessments through an optimized risk assessment model and further provide support for
disaster risk management, prevention, and mitigation planning in coastal cities.

2. Literature Review
2.1. Urban Waterlogging

Urban waterlogging refers to the phenomenon where heavy precipitation or continu-
ous precipitation exceeds the drainage capacity of cities and towns, resulting in stagnant
water disasters on the urban surface [8]. The increasingly frequent occurrence of urban
waterlogging events has attracted the wide attention of scholars. Existing research on urban
waterlogging mainly focuses on the following aspects: reasons for urban waterlogging; the
application of urban rain flood models; and waterlogged risk assessment.

A large number of studies have shown that natural factors (precipitation and topog-
raphy) [9,10], as well as social factors, have increasingly significant impacts on urban
waterlogging [11,12]. Urban construction changes its micro-topography which may hinder
urban waterlogging management. This means that the emergence of underground space,
bridges and tunnels increase the possibility of stagnant water and the difficulty of drainage.
Additionally, with the rapid development of urbanization, a large number of original
cultivated land, woodland, green belts, rivers and lakes have been replaced by building
land, and the city has been “cemented” with a “hard bottom”. Rainwater is unable to
infiltrate in the face of heavy rainfall, which shortens the confluence time of rainfall and
forms a peak flow in a short time. When the amount of rain exceeds the drainage capacity
of the drainage system, waterlogging disasters are instigated. In addition, the shape of the
river network is artificially changed in the process of urbanization, and the construction of
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low-standard and old urban drainage facilities makes the drainage system unable to meet
the rapid growth of drainage demands brought by extreme precipitation.

From the perspective of the application of urban rain flood models, it can be divided
into three stages in developed countries. The first stage from 1889 to 1971 mainly explored
the calculation methods and related theories of urban runoff, which laid a theoretical
foundation for the next stage of model research [13–15]. The second stage from 1972 to
1990 witnessed the rapid development of urban rain flood models, and many models
were proposed in this stage including the water storage overflow treatment model (Storm),
the drainage area simulation model (ILLUDAS), the snow melting runoff model (SRM),
and the rainwater management model (SWMM) [16]. The third stage from 1991 onwards
considers the stable development of urban rain flood models, and these models are widely
applied to the related research of urban [17–19].

Disaster risk assessment, as the core content of disaster risk management, is a hot topic
in international disaster research [20–22]. In terms of the evaluation scale, communities,
residences, and underground transportation facilities of a certain city are usually selected
to assess local waterlogging risks in existing studies [23–25]. Overall urban waterlogging
risk can also be assessed by aggregating the evaluation results obtained from those micro
scales [26,27]. In terms of case areas, existing studies often focus on coastal cities because
urban waterlogging is mainly affected by heavy and continuous rainfall [28]. However,
in recent years, many inland cities have experienced frequent waterlogging disasters,
which has attracted much attention from researchers [29,30]. In terms of the evaluation
method, the risk assessments have changed from qualitative research to quantitative
research, including geomorphological methods, hydrological and hydrodynamic modeling,
system simulation modeling, scenario simulation analysis, coupling methods based on
remote sensing and geographic information systems, statistical analysis based on text,
and the index system method [31–38]. Most studies have focused on establishing the risk
assessment models by constructing the waterlogging disaster index systems because of its
rich content and concise and fast features.

2.2. Risk Assessment of Urban Waterlogging
2.2.1. Formation Mechanism of Natural Disaster Risk

The word “risk” has an ancient maritime origin, from the words “wind” and “insur-
ance”: the wind often brings uncertain insurances when fishermen sail out to sea [39].
Risk refers to the objective danger, which contains two meanings: one is the possibility
of injury and loss of the objective entity; and the other is some kind of harm that may
occur in the future [40]. The United Nations Department of Humanitarian Affairs defines
disaster risk as the loss of people’s lives, property, and expected activities caused by specific
disasters in a certain area and within a given period of time [41]. In the research on the
formation mechanism of natural disaster risk, different researchers put forward many
different expression patterns according to their own understanding. For example, Maskrey
believed that natural disaster risk is the algebraic sum of hazard and vulnerability [42]. In
1991, the disaster risk expression model proposed by the United Nations was expressed as
“natural disaster risk = dangerousness × vulnerability” [43]. Okada suggested that the risk
of natural disasters is formed by the interaction of dangerousness, exposure, and vulnerabil-
ity [44]. Shi (2002) argued that natural disasters occur due to the action of disaster-causing
factors on the disaster-bearing body caused by the prone environment. In conclusion, most
scholars identify risk mainly from three aspects, including dangerousness, sensitivity, and
vulnerability [45]. In addition, Zhang and Li (2007) added the factor of “disaster prevention
and mitigation” to express the response ability of cities to disasters. Natural disaster risk is
further expressed as “natural disaster risk = dangerousness × exposure × vulnerability ×
disaster prevention and mitigation capability”. This expression has also been recognized by
many scholars and has been applied to the assessment of all kinds of natural disasters [46].



Sustainability 2021, 13, 826 4 of 20

2.2.2. Waterlogging Risk Assessment Model

From the perspective of disaster science, the natural disaster risk system is composed
of disaster-causing factors, prone environment, and the disaster-bearing body, which in-
teract with each other and reflect the relationship between human society and the natural
environment. There is no causal relationship between the three, but they interact and relate
to each other to form a complex system with multiple feedback relationships. The risk
assessment of urban waterlogging disaster is a multi-factor comprehensive analysis work
on the basis of urban waterlogging risk, waterlogging sensitivity, waterlogging vulnerabil-
ity, and related uncertainty. Therefore, in the construction of an urban waterlogging risk
assessment model, the evaluation indicators are mainly selected from the aspects of risk,
vulnerability, vulnerability, etc. Internet open data and big data analysis have played an
important role in improving residents’ quality of life and rational allocation of resources.
Therefore, some scholars believe that open urban data information has great potential for
risk assessment because of its openness, timeliness, and richness. Based on the urban big
data, a risk assessment model is constructed by selecting indicators such as precipitation,
population, and urban public infrastructure from three aspects: disaster inducing factors,
vulnerability, and exposure [47]. Some scholars combine the data obtained by web crawler
technology with traditional statistical text data, and select six indicators: precipitation
and duration, altitude and slope, and land use and population density to evaluate the
flood disaster in urban areas [31]. Some scholars use the risk assessment expression model
proposed by Maskrey to build a risk assessment model from two aspects of harm and
vulnerability. In the aspect of waterlogging hazard assessment, in addition to the considera-
tion of precipitation, the risk potential triggering factors are also introduced, including flow
accumulation area, elevation (DEM), slope, water system buffer zone and land cover type.
GDP, population, and grain production indicators are selected to build risk assessment
models to evaluate the waterlogging risk of inland cities in China [30]. When some scholars
evaluate the risk of waterlogging in large regions and many cities, they comprehensively
analyze the disaster intensity, socio-economic impact, and the adaptability of waterlogged
cities, and select precipitation as the disaster intensity index, taking into account the same
disaster. Big cities will suffer greater losses in disasters; the total urban population and GDP
are the two selected indicators to consider the socio-economic exposure. In dealing with
waterlogging disasters, drainage pipe density, river network density and urban greening
rate play an important role in alleviating waterlogging intensity; thus, these three indicators
are selected to show urban adaptability. Finally, the waterlogging risk grade of China’s
eastern coastal cities is obtained [48]. To conclude, in the construction of a waterlogging risk
assessment model, precipitation, as the main disaster factor of urban waterlogging, is the
main index to determine the risk grade; in the selection of a prone environment, all kinds
of topography, river network, land use type, drainage system and so on have different
effects on waterlogging. Therefore, these indicators are selected to reflect the triggering
effect of the overall urban environment on waterlogging. In terms of disaster-bearing
bodies, this paper mainly considers the urban population, public infrastructure, economic
development, and other factors that are easily affected by waterlogging disasters.

3. Methodology
3.1. Research Area

The city proper of Ningbo refers to the districts of Haishu, Jiangdong, and Jiangbei—
before the planning adjustment in 2016. They are located in the middle of Ningbo with
approximately 275.5 km2 within the junction area of the Yuyao River, Yongjiang River
and Fenghua River. According to statistics, the registered population in the city proper
of Ningbo was 829,427 by the end of 2016. More than 80 primary and secondary rivers
are in the area, with approximately 2 km2 of inland water. Specifically, the Yongjiang
River is located to the north of Jiangdong district and the southeast of Jiangbei district.
To the east of Jiangdong and Jiangbei districts is the Fenghua River and the Yuyao River,
respectively. Jiangbei district has dense water networks and abundant water resources.
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Six main reservoirs were built in the upper mountainous area, including three crucial
reservoirs, namely, Hero Reservoir, Maoli Reservoir, and Langjiaping Reservoir. Haishu
district faces Fenghua River in the east and Yuyao River in the north. Figure 1 illustrates
the research area of this study.

Figure 1. The map of the study area.

3.2. Data Collection

Based on the analysis of the factors affecting waterlogging in Ningbo, this study
divides the collected data into geospatial data and socioeconomic category. Table 1 shows
the specific data content.

Table 1. Research data.

Data Category Data Sources

Geospatial data

DEM (Digital Elevation Model) data in the city proper
(2 × 2 m) Surveying and Mapping Institute of Ningbo

Soil classification map of Ningbo (1:1 million) Institute of Soil Science, Chinese Academy of Sciences
Remote sensing images in the city proper in 2016

(0.5 × 0.5 m) Bureau of Land and Resources of Ningbo

The type of land use in 2016 (1:10,000) Bureau of Land and Resources of Ningbo
Drainage pump station of main rivers in the city proper Field investigation

Boundary of the administrative district in the city proper The research group
Water accumulation points in the city proper in 2016 News reports and field investigation

Road distribution of Ningbo (county level) Electronic Map of Ningbo (2015)

Socioeconomic data
Population information of each street in the city proper

in 2016 2017 Ningbo Statistical Yearbook

Soil property classification Zhejiang Soil History



Sustainability 2021, 13, 826 6 of 20

3.3. Data Processing

On the basis of the basic evaluation unit of a 15 m × 15 m grid, this study uses GIS
spatial analysis to spatialize the influencing factors of waterlogging. Figure 2 shows the
flow chart of data processing.

Figure 2. The flow chart of data processing.

The rivers in the city proper are divided into 17 basins, and the rainfall thresholds
of each basin are inverted on the basis of the SCS-CN (Soil Conservation Service curve
number) model (see Table 2). Using DEM (Digital Elevation Model) data with a resolution
of 2 m × 2 m in the city proper of Ningbo, the relative elevation standard deviation was
calculated through the block statistics function of the grid neighborhood analysis in the GIS
spatial analysis (see Figure 3). Given that different levels of rivers have different impacts
on waterlogging disasters, this study assigned the rivers with different values according
to the distance of the river buffer zone. More specifically, the buffer zones of Yuyao River,
Yongjiang River and Fenghua River were assigned values of 0.9, 0.8, 0.7, and 0.6, from
short to long distance, and the buffer zones of major inland rivers were assigned values
of 0.8, 0.7, 0.6, and 0.5 (see Figure 4). The types of land use in the city proper of Ningbo
were spatialized according to attributes (see Figure 5). By spatializing the flow data of the
pumping station in the old city of Ningbo with GIS, this study used the Tyson polygon
method to simulate the drainage area of each pumping station to show the distribution
of drainage capacity (see Figure 6). The population data in the city proper of Ningbo
was sorted on the basis of the population spatialization model (see Figure 7). Different
levels of roads have different capacities, and the impacts on waterlogging disasters are
also different. Therefore, the road capacity was weighted on the basis of previous research
and road grades. For example, this study assigned values of 0.24, 0.24, 0.20, 0.17, and
0.15 to railways, high-speed national roads, provincial roads, county roads, and township
and village roads, respectively (see Figure 8). Finally, the index distribution map of the
waterlogging risk assessment in the city proper of Ningbo was formed.
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Table 2. Simulated rainfall threshold of different water depth in the city proper of Ningbo (unit: mm).

Depth of Stagnant Water

Basin Number
1 2 3 4 5 6 7 8 9

0.1 m 16.2 5.6 9.95 5.37 16.01 10.62 10.51 10.85 6.65
0.2 m 25.5 14.65 14.95 10.1 21.08 17.6 13.53 16.1 8.46
0.6 m 114.1 50.14 40.86 30 54.9 54.78 30.38 53.67 58.35
1 m 189 148.22 74.11 45.51 91.96 73.07 92.9 96.19 198.12

Depth of Stagnant Water

Basin Number
10 11 12 13 14 15 16 17 10

0.1 m 10.63 9.28 11.62 37.16 10.83 8.76 25.24 8.27 10.63
0.2 m 14.7 12.74 14.14 66.45 14.71 14.7 37 10.71 14.7
0.6 m 42.59 39.01 38.17 160 33 51 95.06 23.68 42.59
1 m 95.19 58 138.78 198 40.59 104.95 159.2 38.39 95.19

Figure 3. The spatial distribution map of topographic relief degree in the city proper of Ningbo.
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Figure 4. Buffer zone map of main rivers in the city proper of Ningbo.

Figure 5. Flow chart of pumping stations in the city proper of Ningbo.
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Figure 6. Land use classification map in the city proper of Ningbo.

Figure 7. Population density distribution map in the city proper of Ningbo.
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Figure 8. Road density spatial distribution map in the city proper of Ningbo.

3.4. Risk Indicator Weight

The indicator weight reflects the relative importance of each indicator in the risk
assessment. The analytic hierarchy process (AHP) method was proposed by Professor T. L.
Saaty of the University of Pittsburgh [49] in the mid-1970s. It is an analysis method wherein
the research object is treated as a system and then analyzed in a way of decomposition,
comparison, judgment, and synthesis. A complex problem can be decomposed into various
constituent factors, which are grouped according to the dominant relationship to form an
orderly hierarchical structure. According to AHP, the weight value of each indicator can be
determined.

3.5. Risk Assessment Model

By comprehensively referring to existing studies [50–52] and combining with the
characteristics of waterlogging in the city proper of Ningbo, the conceptual model of
waterlogging risk assessment is expressed as follows:

DRI = Q1 × H + Q2 × E + Q3 × V, (1)

where DRI is the dependent variable representing the indicator of urban waterlogging dis-
aster risk; H, E, and V are independent variables representing waterlogging dangerousness,
waterlogging sensitivity, and waterlogging vulnerability, respectively; and Q1, Q2, and Q3
represent the corresponding weight of each indicator.

4. Results
4.1. Urban Waterlogging Risk Assessment Model

From the perspective of disaster science, the natural disaster risk system is composed
of disaster-causing factors, a disaster-prone environment, and a disaster-bearing carrier.
These three parts that interact with one another reflect the mutual relationship between
human society and the natural environment. This study constructs the index system by
optimizing the existing research models (see Table 3) and comprehensively evaluating wa-
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terlogging risk from the three perspectives of dangerousness, sensitivity, and vulnerability.
The drainage capacity of the city proper was explained by increasing the flow of pumping
stations in the sensitivity assessment, and the road system indicator was added in the
vulnerability assessment. They all improved the waterlogging risk assessment model in
the city proper of Ningbo.

Table 3. Index system of waterlogging risk assessment in Ningbo.

Target Layer Criterion Layer Indicator Layer Scheme Layer

Waterlogging risk assessment

Dangerousness Precipitation Catastrophic rainfall threshold

Sensitivity

Terrain Terrain relief
Water system River buffer

Drainage capacity Pump station flow
Surface features Land use type

Vulnerability Population Population density
Road Road density

4.2. Risk Assessment Based on the Risk Assessment Model
4.2.1. Calculation of Risk Indicator Weight

The relative importance of the indicators in this study was jointly determined through
historical waterlogging case analysis, expert advice, and research group discussions. A
judgment matrix could not be formed because dangerousness had only one indicator.
Thus, its weight was equal to the weight of waterlogging dangerousness. For the weight
of waterlogging dangerousness, the existing risk assessment model had a weight value
ranging from 0.409 to 0.423. The occurrence of waterlogging in the city proper of Ningbo is
mainly affected by meteorological factors, such as continuous precipitation, heavy rain,
and typhoons. Thus, the weight of waterlogging dangerousness was highlighted with the
value of 0.5, which will help to accurately assess the waterlogging risk in the city proper.
Table 4 shows the waterlogging risk indicator weight in the city proper of Ningbo.

Table 4. The waterlogging risk indicator weight in the city proper of Ningbo.

Indicator Type Weight Indicator Layer Weight

Dangerousness 0.5 Catastrophic rainfall threshold 0.5

Sensitivity 0.25

Land use type 0.0325
Terrain relief 0.0975

Pump station flow 0.0475
River buffer 0.0725

Vulnerability 0.25
Population density 0.1675

Road density 0.0825

4.2.2. Waterlogging Risk Assessment in the City Proper of Ningbo

1. Waterlogging Dangerousness Assessment

Under the same depth of water accumulation, the area with less disaster-causing
rainfall is more prone to experience waterlogging and faces greater risks. In this area, dif-
ferent depths of water accumulation have different impacts on the degree of waterlogging
disasters. The deeper the water accumulation depth, the greater the impact of waterlogging
disasters on the area. Thus, the disaster-causing rainfall at different levels was used as the
indicator for the dangerousness assessment of waterlogging disaster-causing factors in the
city proper of Ningbo.

According to related studies and the actual situation in Ningbo [53], different depths
of stagnant water have different effects on people’s health, life, property, and other aspects.
That is, the deeper the depth of stagnant water, the more serious the damage. According
to the waterlogging depth in Table 2, the level of waterlogging is divided. This study
chooses 0.1 to 0.2 m as light waterlogging, 0.2 to 0.6 m as moderate waterlogging, and 0.6
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to 1 m as heavy waterlogging. On the basis of Table 2, this study classified the levels by
considering the minimum level of water accumulation at the same level and re-assigned
the waterlogging disaster-causing rainfall for different grades (see Table 5).

Table 5. The assignments of disaster-causing rainfall threshold for different levels.

Rainfall
Classification

Light
Waterlogging

Moderate
Waterlogging Heavy Waterlogging

(5.73, 10.1) 5 — —
(10.1, 26.38) 4 5 —

(26.38, 38.89) 3 4 5
(38.89, 189) 2 3 4

(189, ~) 1 2 3

Note: “—” means a null value.

This study re-assigned the rainfall thresholds of the three waterlogging levels by using
ArcGIS 10.2. Figure 8 indicates that the area with high waterlogging dangerousness in
the city proper of Ningbo is mainly the middle of Jiangdong district and the southern
part of Haishu district, because of the low and flat terrain and many impervious surfaces.
Combined with low disaster-causing rainfall, heavy rainfall easily leads to stagnant water
because the water does not flow easily, thereby bringing high risk. Most areas in the
northern part of Jiangbei district are located in medium and low-dangerousness areas, and
high-dangerousness areas are scattered. The disaster-causing rainfall in Jiangbei district
with higher terrain is higher than that of areas with lower terrain; however, this condition
is good for drainage under the same depth of water accumulation and means that the risk
is lower. The waterlogging dangerousness in the city proper of Ningbo is mainly shown as
low dangerousness, which accounts for 56.8%, occupying half of the total area. Moreover,
the areas with medium and high dangerousness account for 23.7% and 19.5%, respectively.

2. Waterlogging Sensitivity Assessment

According to Table 4, waterlogging sensitivity assessments in the city proper of Ningbo
assigned the indicators to the corresponding weighting coefficients. ArcGIS 10.2 was used
to overlay the layers. The corresponding results are summarized in Figure 9. This study
concluded that the land use type determined the distribution pattern of the medium and
low sensitivity areas in the city proper of Ningbo, whereas the distribution of areas with
high sensitivity was largely affected by the river networks. Most areas with medium
and high sensitivity are located to the south of the city proper. The main reason is that
these areas are mainly construction land with high density and covered with a single type
of surface, which will promote the “urban rain island effect” and easily lead to extreme
precipitation. The area with low sensitivity is located in the Changlong Mountain area with
large undulations, to the north of Jiangbei district and the southwest of Jiangbei district,
which is mainly used as cultivated land with good water permeability. The waterlogging
sensitivity in the city proper of Ningbo is shown as moderately sensitive, accounting for
36.9%. Moreover, the proportion of the area with high sensitivity, second-low sensitivity,
and low sensitivity is 26.2%, 24.4%, and 12.5%, respectively.
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Figure 9. Waterlogging dangerousness distribution map in the city proper of Ningbo.

3. Waterlogging Vulnerability Assessment

According to Table 4, the vulnerability assessment of waterlogging in the city proper
of Ningbo assigned population density and road density to corresponding weighting
coefficients. ArcGIS 10.2 was used to overlay the layers. Figure 10 concludes the results
and shows that the areas with high vulnerability in the city proper of Ningbo are mainly
distributed in the Sanjiangkou area, namely, the central and southern Jiangdong district,
the eastern Haishu district, and the southern Jiangbei district. The main reason is that the
Sanjiangkou area is the economic center of Ningbo, which has a concentrated population
and high road density. A waterlogging disaster will cause huge social and economic loss.
The northern part of Jiangbei district is a mountainous and forested area with sparse
population. Therefore, most parts of this area show low vulnerability. The proportion
of areas occupied by different grades of waterlogging vulnerability in the city proper
of Ningbo gradually decreases from high vulnerability to low vulnerability and mainly
shows low vulnerability, accounting for 37.6%. Moreover, the areas with second-low
vulnerability, medium vulnerability, and high vulnerability account for 30.5 %, 23.2%, and
8.5%, respectively.
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Figure 10. Waterlogging sensitivity distribution map in the city proper of Ningbo.

4. Comprehensive Waterlogging Risk Assessment in the City Proper of Ningbo

On the basis of the waterlogging risk evaluation system established in this study,
weight coefficients, and the spatial distribution layer obtained from the above criterion
layers, superimposed analysis was conducted in ArcGIS 10.2 to obtain the distribution map
of waterlogging risk in the city proper of Ningbo. Moreover, this study divided the risk
into five levels, namely, high-risk, higher-risk, medium-risk, lower-risk, and low-risk, by
conducting the natural breakpoint classification method. Figure 11 indicates that the areas
with high-risk in the city proper of Ningbo are mainly located to the west of Jiangdong
district and the middle of Haishu district, and other areas are distributed in the south of
Jiangbei district. For example, under the influence of Typhoon Fite in 2013, large areas
of the city proper, including most of the low-level residential areas, were flooded; urban
traffic was paralyzed; and the city proper lost powered. In particular, Xingning Road,
Zhongxing Road, Jiefang South Road, Baizhang Road, Lianfeng Road, and other roads of
high-risk areas were closed, and the lower floors of the houses in the Huangli community
were flooded. Another example is Typhoon Dujuan in 2015. Water entered the low-level
residential areas of Caoma Second Village, Shuguang Second Village, Liuting New Village,
and Workers’ New Village, and the roads were heavily flooded. The main reason is that
the city proper of Ningbo is higher in the northwest and lower in the southeast. Stagnant
water tends to gather in these low-lying areas once heavy rainfall occurs. To prevent the
river from inverting, these areas can only be drained through the urban drainage system
and gate pumps because of their proximity to the Yao River, the Fenghua River, and the
Yongjiang River. However, the main urban drainage system is relatively underdeveloped,
and the waterlogging risk is high. The higher-risk areas are mainly distributed in the
Cicheng urban area in the northern part of Jiangbei and most areas of Haishu district. The
medium and low-level risk areas are mainly located in the northern part of Jiangbei district,
primarily because these high-lying areas have a sparse population distribution. Moreover,
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most parts of the Jiangbei district are paddy fields, woodlands, and gardens with good
water permeability; thus, the risk will be low.

Figure 11. Waterlogging vulnerability distribution map in the city proper of Ningbo.

The statistics at different grades in waterlogging risk areas show that the total area
with low waterlogging risk in the city proper of Ningbo is 100.3 km2, accounting for
36.9%. The medium-risk area was equal to the higher-risk area, both at a total of 50.7 km2,
accounting for 18.7%. This was followed by the lower-risk area, accounting for 15.5%, and
the high-risk area, accounting for 9.6%.

4.2.3. Verification

The data of water accumulation points in the city proper of Ningbo were mainly
collected through field surveys and reports from various news resources, and included
114 water accumulation points. Using ArcGIS 10.2, this study spatialized the information
of stagnant water points on the basis of place names and coordinate values and verified
the waterlogging disaster of the city proper of Ningbo through superimposing the results
on the waterlogging risk zoning map. Figures 12 and 13 shows that the distribution of
stagnant water points in the city proper of Ningbo is consistent with the trend of the
risk-level change of assessment results. According to statistics, 80.1% of the collected water
points are located in high-risk and higher-risk areas, 12.1% are located in the medium risk
areas, and the remaining 7.8% are located in low-risk and lower-risk areas. Comparing the
waterlogging points in the city proper of Ningbo with the zoning map of waterlogging risk
assessment, the result shows that the evaluation is consistent with the actual situation, and
it also proves the rationality of the risk assessment model.
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Figure 12. The zoning map of waterlogging risk assessment in the city proper of Ningbo.

Figure 13. Comparison with waterlogging water points in the city proper of Ningbo and risk
assessment results.
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5. Discussion

Urban waterlogging disasters have become the main type of disasters in Chinese cities,
seriously affecting the economic development, especially in coastal areas. Based on the
theory of natural disaster risk, this study carried out a waterlogging risk assessment and
then analyzed spatial distribution characteristics by taking the example of the city proper
of Ningbo. The main conclusions are summarized as follows.

(1) By considering the small watershed as the research unit, this study conducted the
risk assessment of city proper of Ningbo with different grades of waterlogging by
combining with the SCS-CN model and superimposing the risk assessment map. The
results show that the low-risk areas were mainly located in Jiangbei district, and
the high-risk areas were mainly located in the middle of Jiangdong district and the
southern part of Haishu district. The dangerousness for waterlogging factors in the
city proper was mainly low.

(2) On the basis of the weight coefficients, this study superimposed the secondary index
layer of disaster-prone environment sensitivity to obtain the assessment map of
disaster-prone environment sensitivity in the city proper of Ningbo. The results show
that the areas with low sensitivity were mainly located in the northern part of Jiangbei
district, and the areas with medium-high sensitivity were located in the southern part
of the city proper. The distribution of the highly sensitive area was largely affected by
the river networks because the type of land cover affects the distribution pattern of
urban waterlogging sensitivity.

(3) On the basis of the weight coefficients, this study obtained the assessment map of
waterlogging vulnerability in the city proper of Ningbo by overlaying the population
density and road density layers. The results showed that the areas with low vulnera-
bility were mainly located in Jiangbei district; the areas with high vulnerability were
mainly located at the intersection of three rivers, namely, Jiangdong district, Haishu
district, and Jiangbei district; and small parts of this area was located in Wangchun
street, Haishu district.

(4) On the basis of the weight coefficients, this study obtained the waterlogging risk
assessment map in the city proper of Ningbo by overlaying three first-level index
layers. The results showed that the low-risk area was mainly located in the northern
part of Jiangbei district, the higher-risk area was mainly located in Haishu district,
with small parts located in the middle of Jiangbei district, and the high-risk areas
were mainly concentrated in the west of Jiangdong district and the middle of Haishu
district. In general, the eastern part of Jiangdong district and Haishu district of
Ningbo were areas with a high incidence of waterlogging.

6. Conclusions

China has witnessed frequent extreme rainfall events because of the continuous in-
tensification of global warming and the rapid development of urbanization. Although
many studies have investigated urban waterlogging on the basis of different views, few
studies have proposed a comprehensive risk assessment model to help mitigate urban
waterlogging risk. Urban waterlogging risk assessments are an effective way to reduce
socio-economic loss, and perfecting existing risk assessment methods could help public
sectors better prevent urban waterlogging. Therefore, this study evaluated urban water-
logging from the perspectives of dangerousness, sensitivity, and vulnerability, and further
optimized the waterlogging disaster risk assessment model by increasing pumping station
flow and road density indicators and increasing the weight of waterlogging risk, which
provides a new way in the field of urban waterlogging risk assessment. Moreover, this
study also conducted a case study of the city proper of Ningbo to assess waterlogging,
which provides theoretical significance for the development of flood control in coastal
cities.

However, this study was not without certain limitations. Firstly, although this paper
proposes an alternative risk assessment model, some other factors that may affect risk
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assessment of urban waterlogging were not discussed in this study. With regard to the
loss caused by urban waterlogging disasters, reasonable and orderly disaster assistance
activities can enhance the ability to deal with disasters and reduce the risk level. In this
paper, human factors including urban monitoring and early warning ability, medical
treatment, and residents’ self-rescue abilities were less considered in the process of the
model construction. Therefore, it is necessary to consider the loss caused by waterlogging
disasters and the disaster prevention mechanisms of residents and relevant government
departments in a future study, which could improve urban waterlogging risk assessment
models in coastal cities. Secondly, this study only considered urban waterlogging in the
city proper of Ningbo. This means that the empirical results may not be generalizable and
representative of all cities in China. Therefore, subsequent studies should be carried out
to further explore other factors that may affect urban waterlogging. Additionally, future
study should be extended to different cities in China, thereby helping government agencies
design appropriate polices. Finally, further research can consider designing experiments to
simulate real urban waterlogging, which could be more consistent with real events.
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