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Abstract: An urban flood simulation model based on TELEMAC-2D was constructed, and the
inundation data of two measured rainstorms (7 June 2018 and 16 September 2018) were selected to
validate the model. Flooding processes were simulated under 12 designed rainfall scenarios with
rainfall return periods of 20, 50 and 100 years and rainfall peak coefficients of 0.2, 0.4, 0.6 and 0.8,
respectively. The hazard-vulnerability (H-V) method was used for urban flood risk assessment.
The selected hazard factors included inundation depth, flood velocity, elevation and slope. The
vulnerability factors included land use type, population density and property distribution. The
analytic hierarchy process (AHP) method was used to calculate the weight values of each indicator
factor, and ArcGIS software was used for overlay calculation. The results of the analysis show that as
the rainfall peak coefficient factor increases, the area of each risk zone increases to varying degrees.
The larger the rainfall peak coefficient factor, the more serious the flooding. As the rainfall return
period increases, the effect of the rainfall peak coefficient factor of the change in the area of the highest
risk zone diminishes. The highest risk zone is the largest within Luohu District (LHD), accounting for
46.38%, 60.92% and 45.54% of the total highest risk area, respectively. As the return period increases,
the area of the highest risk zone within Futian District (FTD) increases, but its proportion has a
decreasing trend, and the proportion of the highest risk area within Longgang District (LGD) has an
increasing trend. The risk zoning map can better reflect the risk distribution of the basin and provide
a scientific basis for early warning of flood prevention and drainage in the Shenzhen River basin.

Keywords: urban flood disaster; TELEMAC-2D model; analytic hierarchy process; indicator system
method; flood risk assessment

1. Introduction

Many countries face serious threats due to the increased frequency and intensity of
extreme weather events (typhoons, heat waves, floods) affected by global climate change [1].
According to estimates by experts from the World Bank, the average annual flood losses in
136 mega coastal cities in the world in 2005 were about USD 6 billion, and it is expected
that this value will increase to USD 52 billion by 2050 [2]. Climate change and urbanization
continue to accelerate, resulting in widespread casualties and economic losses and seriously
threatening the normal functioning of urban social activities [3-5]. According to statistics,
the losses caused by rainstorms and floods account for 40% of the total losses from various
natural disasters worldwide [6]. From 1998 to 2017, over 170 countries and more than
2 billion people worldwide were affected by heavy rainfall and flooding and caused eco-
nomic losses of up to USD 656 billion [7]. In its series of reports, the IPCC 5th has identified
extreme rainfall due to global climate change as one of the main influences on the frequency
of rainfall and flooding [8]. China is one of the regions with frequent rainstorms and floods.
Until 2020, China’s urbanization rate exceeded 60% [9]. Urbanization has changed the type
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of underlying surface in the original area, resulting in a significant increase in the area of
impervious areas and a consequent increase in the risk of urban flooding [10]. According
to the statistics of China’s housing and construction department, from 2008 to 2010, 213
cities in China experienced waterlogging of varying degrees, and 137 cities suffered from
waterlogging disasters more than three times [11]. In recent years, phenomena such as
“cities looking at the sea” and “cities looking at rivers” have frequently occurred, and urban
flooding disasters have received widespread attention.

The definition of flood risk is not unique; it is mainly defined as the product of hazard,
exposure and vulnerability [12-16]. In recent years, on a global scale, urban flood risk
assessment has become a hot issue in disaster control and management [17,18]. Scholars
have carried out a great deal of research on the analysis of urban flooding hazards [19,20].
Yashon O. Ouma et al. used the technology combining AHP and GIS(Geographic Informa-
tion System) to analyze the flood risk in Eldoret Municipality in Kenya and draw a flood
analysis map [21]. Liu Jiahong et al. delved into the basis of sponge city flood control, using
Tongzhou, Beijing as the study area, and introduced the GAUSS function for nonlinear
fitting to study the flood control mechanism of sponge city flood control system [22]. Binh
Thai Pham et al. took Quang Nam Province, Vietnam, as a study area and used deep
learning methods to evaluate the urban flood risk in the region [23,24]. Xinxiang Lei et al.
adopted the deep learning approach and selected several different influencing factors to
analyze the urban flood risk in Seoul, South Korea [14]. Y. Budiyono et al. [25] and Foudi
et al. [26] provided a comprehensive consideration of the impact of hazards, exposure and
vulnerability on flood risk assessment and risk assessment at global and local scales. Zhihui
Li et al. provided an analytical assessment of urban flooding processes in Wuhan, China,
based on analytic hierarchy process, considering land use and climate change [27]. The
index system approach is one of the commonly used risk analysis methods, which is widely
used and highly adaptable; the flood risk assessment method based on scenario simulation
can achieve dynamic assessment of flood hazards by setting up rainfall simulation models
and setting up different rainfall scenarios [28].

In this paper, combining the advantages of the scenario simulation method and the
index system approach, taking the SRB (Shenzhen River Basin) in Shenzhen as the research
area, the following research work is carried out:

(i) Constructing an urban flooding simulation model based on the TELEMAC-2D two-
dimensional hydrodynamic model, simulating the urban flooding process under
12 different design rainfall scenarios, and analysing the evolution of the hazard fac-
tors such as inundation depth, inundation area and flood velocity;

(ii) By extracting the inundation depth and flow velocity values calculated by the flood
simulation model, and considering factors such as elevation, slope, land use type,
population density and property distribution, the AHP method was used to calculate
the weight values of different influencing factors, and the H-V method was used to
assess the flood risk in the study area. The study area was classified into different
flood risk classes;

(iii) Analysis of flood risk delineation maps, statistical analysis of the distribution of risk
levels under different rainfall scenarios and analysis of inundation within different
administrative districts within different catchments.

Section 2 provides a detailed introduction to the research area and introduces the
research method and acquisition and pre-treatment of data. Section 3 analyzes the flood
risk assessment results in the study area. Section 4 discusses the main contributions,
drawbacks and issues to be addressed in the next step. Section 5 summarizes the main
conclusions.

2. Materials and Methods
2.1. Study Area

Shenzhen (113°43'-114°38" E, 22°24’-22°55’ N) has a subtropical oceanic climate
with a mild climate, with an average annual temperature of 22.4 °C and average annual
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precipitation of 1830 mm. The spatial distribution of rainfall is uneven, with more in
the southeast and less in the northwest, showing a phenomenon of decreasing from east
to west. The eastern region is about 2000 mm, the central area is 1700-2000 mm, and
the western area is about 1700 mm. The precipitation time distribution in the city is
uneven, and the precipitation is mainly concentrated in the flood season from April to
October, accounting for about 85% of the annual precipitation. Due to the uneven spatial
and temporal distribution of precipitation, droughts and floods often occur alternately.
Shenzhen is a special economic zone in China, a national economic center city and an
international city approved by the State Council. Shenzhen has 9 administrative districts
and 1 new district, with a total area of 1997.47 km?, of which 927.96 km? are built-up areas
and resident populations. It has reached 13.4388 million people, and the urbanization rate
is 100%, making it the first fully urbanized city in China. In 2020, the GDP of Shenzhen will
be 2767.024 billion yuan. Shenzhen is located on the southeast coast of China and is affected
by typhoons and rainstorms every year, resulting in urban waterlogging. For instance, in
2018, Super Typhoon Mangkhut was one of the strongest typhoons in Shenzhen’s history,
causing heavy rain in the city. In 2020, Typhoon Higos hit Shenzhen, and the maximum
rainfall in Shenzhen reached 205.3 mm. The heavy rainfall brought by these typhoons has
caused various degrees of waterlogging in Shenzhen, causing serious social impacts. In this
study, the SRB in Shenzhen is selected as the research area. The research area includes LHD,
FTD (portion) and LGD (portion) of Shenzhen City, which is an economically developed
and densely populated area [29]. Once the SRB suffers from rainstorms and waterlogging
disasters, it will cause great economic loss and social impact. The location of the study area
is shown in Figure 1.
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Figure 1. Location and Shenzhen River Basin.

2.2. Research Methods

In this study, the H-V method [30] was adopted to assess the flood risk of the SRB in
Shenzhen, as shown in Figure 2. The urban flood disaster was considered a comprehensive
function of hazard and vulnerability. Referring to the relevant literature, the disaster risk
expression of the H-V method is shown in Equation (1). After the flood risk index is
determined, the weight of each index should be calculated. The AHP method is widely
used in flood risk assessment, especially for urban scale flood risk assessment [31]. In
the 1970s, American operations researcher T.L. Saaty proposed the analytic hierarchy
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process (AHP), which is a multi-level weighting analysis of decision-making methods, a
combination of qualitative and quantitative systems analysis [32,33]. The AHP to determine
the indicator weights includes the following four calculation steps: (1) establishing the
hierarchical structure model; (2) constructing the judgment matrix; (3) calculating the
indicator weight values; (4) and conducting consistency tests. When CR < 0.1, it can be
considered that the judgment matrix passes the consistency test, and the weight values are
reasonable. Otherwise, the consistency test needs to be conducted again. In this study, the
flood risk assessment system was constructed according to the object layer, index layer and
indicator layer. When the CR values were less than 0.1, the results obtained were reliable
and reasonable through the consistency test. The obtained weight values of each indicator
are shown in the Tables 1 and 2.

R_xH<iHihi> XXV<i V]Z)]> (1)
h =1

i=1

where R is the urban flood disaster risk, xy and xy are the weight values of the hazard
and vulnerability indicators, H; and V; are specific indicator factors, and h; and v; are the
weight values of each specific index factor.

Urban flood risk assessment

(—*—\

Hazard Vulnerability

I
[ [ l

I
]
Inundation Velocity Slope elevation Popula.tlon Per unit Land use
depth density GDP type

Figure 2. Flood risk assessment indicator system of Shenzhen River basin.

Table 1. Selected index factors and relative weight.

Object Layer Index Layer Relative Weight = Indicator Layer = Relative Weight
Depth 0.46
Velocity 0.27
: Hazard 0.67
Flood risk z Elevation 0.19
assessment
Slope 0.08
Fopaion s
Vulnerability 0.33 Per unit GDP 0.30

Land use 0.16
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Table 2. Comparison matrix for urban flood risk assessment.
Comparison Matrix for Hazard Indicators

Depth Velocity Elevation Slope Relative Weight
Depth 1 2 3 4 0.46
Velocity 1/2 1 2 3 0.276
Elevation 1/3 1/2 1 4 0.19
Slope 1/4 1/3 1/4 1 0.08

Comparison Matrix for Vulnerability Indicators
Population Per Unit . .

Density GDP Land use Relative Weight
Population density 1 2 3 0.54
Per unit GDP 1/2 1 2 0.30
Land use 1/3 1/2 1 0.16

Note: A = 4.15, CR = 0.057 < 0.1, passing the consistency verification. A = 3, CR = 0.0089 < 0.1, passing the
consistency verification.

In this paper, TELEMAC-2D was used to conduct a two-dimensional hydrodynamic
simulation of urban waterlogging. The TELEMAC-2D model is a two-dimensional module
in the TELEMAC-MASCARET model developed by the French National Laboratory for
Hydraulics and Environment. The TELEMAC-2D model is widely used in coastal and other
large-scale storm surge simulations, but there are few studies on urban flood simulation.
The article uses the v7p2r3 version for urban flood simulation, and the model uses the finite
element method to solve the non-conservative two-dimensional shallow water equation,
which can be calculated as follows:

oh  d(hu)  d(hv)

at T ox dy =0 @
u Ju Ju 0Z 1 ..
N =+ s + v@ =85, + F + Hdzv(hngu) (©)
Jdv v Ju 0Z 1,.
En + ua 4 z}@ = —g@ +F, + Edw(hveVU) (4)

where & is the water depth (m), Z is the free surface elevation (m), # and v are the velocity
components (m/s), t is the time (s), g is the gravity acceleration (m?/s), x and y are the
horizontal space coordinates (m), v, is the coefficient of viscosity, and Fy and Fy, are the
bottom bed friction coefficients.

The SCS-CN (soil conservation service) rainfall-runoff model is an empirical model
proposed by the Soil Conservation Department of the United States in 1954. The model
is derived from the rainfall and runoff data of small watersheds in different regions. The
SCS-CN infiltration model in the United States is used in TELEMAC-2D. The calculation
formula of the SCS model is as follows:

_ (P-1L)’

C=p-Ty+s ©)
I, =025 (6)
~ (P—025)

Q= "T0s9) @
5= 1000 4, ®)

~CN
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where Q is the runoff (m?), P is the precipitation (mm), is the potential maximum retention
after runoff begins (mm), I, is the initial abstraction (mm), and the CN (curve number)
value can be determined by an empirical value table.

The TELEMAC-2D two-dimensional hydrodynamic model was used for urban flood
analysis, and the BlueKenue 64 software was used to divide the study area into nonlin-
ear triangular meshes with a total of 240,570 nodes and 477,797 meshes. The boundary
conditions of the model are free outflow boundary conditions, and the Courant number is
0.75. Considering that Shenzhen is located in the southeastern coastal area of China, the
climate is humid and rainy, and referring to the research results in similar areas [34,35],
the soil water content in the early stage is set to AMC-II (the soil moisture condition was
moderate). The duration of this flood simulation is 6 h, and the time step is 0.5 s. The
relevant parameter values are shown in Tables 3 and 4. The properties of the underlying
surface in the study area are shown in Figure 3.

Table 3. CN value.

Land Use B C D
Buildings 20 92 94
Road 98 98 98
Bare 83 88 90
Green 61 74 80
Water 98 100 100
Others 80 88 97

Note: B is silt loam or loam, with good permeability; C is sandy clay loam, with medium permeability; D is clay
loam, silty clay loam, sandy clay, silty clay, or clay, with poor permeability. The CN value is determined according
to the World Soil Database and the American SCS Model Soil Classification Standard.

Table 4. Manning coefficient.

Land Use  Buildings Road Bare Green Water Others

n 0.2 0.05 0.065 0.08 0.015 0.05
Note: The Manning coefficients are grouped according to the land use type and soil hydrology in the study area.

Elevation(m)
- High : 913

Low:2

Figure 3. Cont.
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Figure 3. Condition of underlying surface: (a) remote sensing image, (b) elevation, m, (c) land
use type, (d) soil classification, (e) CN value, (f) Manning coefficient, (g) NPP-VIIRS light data,
(h) population density, people/km?, (i) GDP distribute, yuan/km?.
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2.3. Design Rain Scenarios

In this study, by constructing an urban flood simulation model, different rainfall
scenarios are designed to simulate and analyze the urban flood process in the study area. A
total of 12 rainfall scenarios were set up, and the design rainstorm was calculated using the
latest rainstorm intensity formula compiled by the Shenzhen Meteorological Bureau. The
design formula of storm intensity is shown as Equation (9):

,_ 8701(1 +05%IgP)

9
(t+11.13)%°%® ©

where i is the storm intensity(mm/min), P is the design return period(year), and ¢ is rainfall
duration (min).

Hyetographs of differently designed rainfall were determined using the Chicago
Hydrograph Model commonly used in the world. The designed rainstorms had three
return periods (p = 20, 50 and 100 years) and four rain peak coefficients (r = 0.2, 0.4, 0.6
and 0.8), the time interval was 1 min, and the rainfall duration was assumed as 120 min.
In the process of surface two-dimensional flood simulation, because it is very difficult to
obtain the pipeline network data in the study area, the underground pipeline network is
generalized in this flood simulation. An equivalent drainage method is used to generalize
the underground pipe network. Considering the adverse conditions such as aging, blockage
and silting of the pipeline network, the drainage capacity of the pipeline network in the
study area is 1-year rainfall scenario. The rainfall calculated according to the rainstorm
intensity formula is used as the estimated amount of pipe network drainage, and this part
of rainfall is equivalent to that deducted in the rainfall data and regarded as the rainfall
discharged through the drainage pipe network. The designed rainstorm process obtained
after synthesizing the rainfall process and the equivalent drainage effect of the pipe network
is shown in Figure 4.

[=]

= b) P=50 —e—r=0.2 r=0.4 r=0.6 r=0.8
(@) P=20 —o—r-02 r=0.4 r=0.6 r=0.8 ®)
’gs
E
g4
a3
2
g
; g2
o
y ' El
k é 1
: . . : 0
1440 2160 2880 3600 4320 5040 5760 6480 7200 0 720 1440 2160 2830 3600 4320 5040 5760 6480 7200
Time(s) Time(s)

6 r (c)P=100 —eo—r=0.2 r=0.4 r=0.6 r=0.8

Rainfall intensity(mm/min)

0 720 1440 2160 2880 3600 4320 5040 5760 6480 7200
Time (s)

Figure 4. Synthetic hyetographs of the 12 design scenarios in the Shenzhen River Basin used in this study.
3. Results
3.1. Model Validation

Based on the TELEMAC-2D hydrodynamic model, the urban flood risk assessment
in the SRB is carried out. In order to verify the accuracy and reliability of the model,
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the measured rainfall data, the collection of waterlogged monitoring point data and the
investigation of the actual inundation situation are selected to verify the accuracy of the
model. After investigation and analysis, two measured rainfalls (7 June 2018 and 16
September 2018, Figure 5) were selected for simulation of the model, and the information
on the actual waterlogged monitoring equipment in the study area was collected, with
a total of 16 waterlogged monitoring points. The flooding process of the two rainfall
events was simulated by the flood simulation model, and the inundation situation is shown
in the Figure 6. The analysis shows that the actual waterlogging points are located in
areas with high submerged water depth, and the simulation results are consistent with
the actual situation, which proves that the established flood simulation model meets the
requirements of accuracy and reliability. The actual submerged water depth data of some
waterlogging points when the rainfall occurred was collected, and the data were compared
with the numerical simulation results. It can be seen from Table 5 that the error between
the submerged water depth obtained by the two actual rainfall simulations and the data of
the submerged water depth obtained by the actual monitoring is small, which is basically
controlled within 2 cm. The above two points show that the numerical simulation model
established is relatively reliable in simulation accuracy and can be used for urban flood
simulation in the study area.

4 - 8

(a) 7 June, 2018 (b) 16 September, 2018

2 F L
1 F L
|HH|IIIIIIIIIIII |||I‘| , ‘|| ||| HH| |I||| | ||H.III|| I
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Figure 5. Rainfall processes of events on 7 June 2018 and 16 September 2018.
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Figure 6. Measured rainfall inundation and location of waterlogging points.
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Table 5. Maximum submerged water depth of waterlogging points.

Measured “1; :lelﬁzer :)rf Measured Simulated Water Error (cm)
Rainfall osging Water Depth (cm) Depth (cm)
Points
023 5 3 -2
027 29 424 13.4
20180607 074 2 3.2 1.2
116 20 18.1 —-19
170 40 48 8
0.23 4 45 0.5
116 14 13.9 —0.1
20180916 121 20 17.8 22
122 2 2.6 —0.6

3.2. Analysis of Simulation Results

Based on the flood simulation model established by TELEMAC-2D two-dimensional
hydrodynamic software, 12 design rainfall scenarios were simulated and calculated, and
the inundation situation of the study area at the end of the simulation was obtained. The
depth of inundation is one of the most important impact factors that should be considered
when assessing flooding and the inundation of the entire study area is analyzed. Referring
to the relevant literature, when the depth of inundation is greater than 0.15 m, there is a
certain impact on road traffic; when the depth of inundation is greater than 0.3 m, it poses a
hazard to the safety of people and generates more serious economic losses. The area when
the inundation depth is greater than 0.15 m, 0.3 m and 0.5 m is calculated, respectively,
in this paper, and the calculation results are shown in Table 6 and Figures 7 and 8. The
analysis shows that with the increase in rainfall return period, the inundated area in the
study area increases gradually. For the same rainfall return period, with the increase in the
rain peak coefficient, the submerged area tends to increase. For example, when the return
period is the 50-year rainfall scenario and the submerged water depth is greater than 0.5 m,
the increase in the rain peak coefficient increased, and the submerged area was 19.73, 20,
20.732 and 21.641 hectares, respectively. When the return period is the 100-year rainfall
scenario and the rain peak coefficient is 0.8, the area with submerged water depth >0.5 m is
the largest, which is 0.74 km?. When the return period is the 100-year rainfall scenario and
the rain peak coefficient is 0.2, the area with submerged water depth >0.15 m is 5.37 km?,
which is the maximum submerged area;

Flood velocity is another important hazard factor in flood disasters. The flow rate of
floods in the study area is mainly generated by gravity, so the flow rate and direction of
water are closely related to the slope and elevation of the terrain, as shown in Table 7. With
the increase of the rainfall return period, the maximum velocity increases gradually. In
the case of the same rainfall return period, the maximum flow velocity values gradually
increase as the rain peak coefficient increases. For example, in a 50-year flood scenario, the
rain peak coefficient increases from 0.2 to 0.8, and the maximum flow velocities are 0.636,
0.652, 0.666 and 0.668 m/s, with relative increases of 2.03%, 2.15%, and 3.30% respectively.
In the design scenario for this simulation, a maximum flow velocity of 0.765 m/s was
obtained for the 100-year flood scenario when the rain peak coefficient was 0.8.
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Table 6. Inundation area statistics under different rainfall scenarios.

Design Scenario Area (10,000 m?)
>0.15m >0.3m >0.5 m
20a 108.161 22.676 3.931
r=02 50a 319.162 91.363 19.73
100a 531.901 226.641 73.745
>0.15m >0.3 m >0.5m
20a 109.263 24.102 4.064
r=04 50a 319.527 89.959 20
100a 531.91 228.919 71.296
>0.15m >0.3m >0.5m
20a 110.265 24.623 4.083
r=0.6 50a 320.41 90.396 20.732
100a 533.744 233.845 68.495
>0.15m >0.3m >0.5 m
20a 113.467 24.834 4.095
r=0.8 50a 321.956 90.908 21.641
100a 537.239 238.401 67.493

Table 7. Maximum flood velocity statistics under different rainfall scenarios.

Design Scenario Vmax (m/s) Relative Growth

r=02 0.567
0 r=04 0.584 3.00%
a r=06 0.601 2.91%
r=08 0.624 3.83%

r=02 0.639
%0 r=04 0.652 2.03%
a r=06 0.666 2.15%
r=038 0.688 3.30%

r=02 0.716
r=04 0.728 1.68%
100a r=06 0.742 1.92%
r=038 0.765 3.10%

Figure 7. Cont.
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Figure 7. Inundation of Shenzhen River Basin in the Shenzhen River Basin (m): (a-d) p = 20a, r = 0.2,
0.4, 0.6 and 0.8; (e-h) p =50a, r = 0.2, 0.4, 0.6 and 0.8; (i-1) p = 100a, r = 0.2, 0.4, 0.6 and 0.8.

m>0.15m

,II.Il.II.Il

20a0.2

50a0.2

100202 20a0.4 50a0.4 100204 20a0.6 50a0.6 100206 20a0.8 50a0.8 100208
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Figure 8. Inundation area map under different rainfall scenarios (20a0.4: rainfall return periods of 20
years and rainfall peak coefficients of 0.4).

3.3. Flood Disaster Risk Assessment

In this study, the H-V risk assessment method was used to assess the risk of urban
flooding in the SRB. The hazard indicators considered include inundation depth, flow
velocity, elevation and slope; vulnerability indicators include land use type, population
density and property distribution. The weight value of each index was calculated based on
the AHP method, the hazard and vulnerability index value of each grid unit was calculated
by GIS, and the risk value of each grid unit was calculated according to the flood disaster
risk expression formula. The flood risk distribution of the entire study area was obtained,
and the calculated flood risk results were divided into four levels by using the natural
discontinuity method: class I (highest risk), II (high risk), III (medium risk) and IV (least
risk), represented by red, orange, yellow and blue, respectively. A flood risk zoning map
under different rainfall scenarios is shown in Figure 9. In the SRB, the risk distribution of
flood disasters is most affected by the inundation depth factor, followed by flood velocity
and population density. The higher the above index factors, the higher the risk level of
flood disasters.
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The area and proportion of each risk area under different rainfall scenarios are counted,
and the calculation results are shown in Table 8 and Figure 10. Analysis shows that under
the 12 calculated rainfall scenarios, the class III area has the largest area, followed by the class
IV area, and the class I area is the smallest. With the increase in the rainfall return period,
the areas of highest-risk areas and high-risk areas increased, while the areas of medium-risk
areas and least-risk areas decreased. As the rain peak coefficient gradually increased from 0.2
to 0.8, the area of each risk area increased, indicating that the larger the rain peak coefficient,
the greater the risk of flooding in the study area. For instance, for a return period with a
20-year rainfall scenario, as the rain peak coefficient increases from 0.2 to 0.8, the highest-risk
areas are 0.67, 0.68, 0.7 and 0.71 km? respectively. With increases in the rain peak coefficient,
for the highest-risk areas, the area increases the fastest. For a return period of 20 years, as
the rain peak coefficient increases from 0.2 to 0.8, the growth rate of the highest-risk areas
is 1.49%, 2.94% and 1.43%. With the increase in the return period, the rain peak coefficient
has no obvious effect on the area change of the highest-risk area. When the return period is
20 years, the rain peak coefficient has a greater impact on the area of risk area, especially for
the highest-risk area, the area that has the fastest growth rate.

Table 8. Flood risk area statistics under different rainfall scenarios.

Area (km?)
Designed Scenarios

I II III v
20a 0.67 34.18 91.34 68.62
r=0.2 50a 3.07 37.22 87.81 68.12
100a 5.56 38.59 85.69 66.38

I I I v
20a 0.68 34.23 91.62 68.82
r=04 50a 3.08 37.21 87.86 68.08
100a 5.49 38.57 85.74 66.43

I I III v
20a 0.7 34.25 91.89 69.39
r=0.6 50a 3.05 37.25 87.86 68.07
100a 5.44 38.61 85.72 66.45

I I I v
20a 0.71 34.26 91.9 69.36
r=0.8 50a 3.10 37.27 87.78 68.08
100a 5.52 38.66 85.59 66.46

The SRB mainly includes LHD, FTD (part) and LGD (part), Shenzhen. When the rain
peak coefficient is 0.4, the return period is 20, 50 and 100 years, respectively, to analyze the
flood disaster risk zoning in different administrative areas, as shown in Table 9. With the
increase in the return period, the areas of highest- and high-risk areas tended to increase, and
the areas of highest-risk areas were 0.69, 3.07 and 5.49 km?, respectively. The highest- and
high-risk areas are mainly distributed in LHD, Shenzhen. The proportion of the highest-risk
areas in LHD in Shenzhen and the high-risk areas in the basin is as follows. The proportion
is 46.38% under the 20-year rainfall scenario, 60.91% under the 50-year rainfall scenario, and
38.28% under the 100-year rainfall scenario. The proportion of the high-risk area in LHD
to Shenzhen and the high-risk area in the basin is as follows. Under the 20-year rainfall
scenario, the proportion is 44.59%, in the 50-year rainfall scenario, the proportion is 40.64%,
and in the 100-year rainfall scenario, the proportion is 66.4%. With the increase in the
return period, although the area of highest-risk areas in FID increases, its proportion has a
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downward trend, and the proportion of highest-risk areas in LGD has an increasing trend.
The terrain in LHD is flat, the population is concentrated, and the property distribution
density is large. Once the flood disaster occurs, LHD will usually have a serious social
impact and bring huge economic losses, so the risk of flood disaster is high.

4
Miles

4
Miles

Figure 9. Cont.
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Figure 9. Flood risk zoning in the Shenzhen River Basin: (a-d) p = 20a, r = 0.2, 0.4, 0.6 and
0.8; (e-h) p=50a, r = 0.2, 0.4, 0.6 and 0.8; (i-1) p = 100a, r = 0.2, 0.4, 0.6 and 0.8. I: highest risk,
II: high risk, III: medium risk and IV: least risk.
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Figure 10. Percentage of risk areas under different rainfall scenarios. I: highest risk, II: high risk, III:
medium risk and IV: least risk; (20a0.4: rainfall return periods of 20 years and rainfall peak coefficients
of 0.4).



Water 2022, 14,2513 17 of 21
Table 9. The area of flood risk area under different administrative regions.
Area (km?) Percentage (%)
District I II III v I II III v
LHD 0.32 15.26 23.31 40.41 46.38 44.59 25.45 59.4
20a0.4 FTD 0.21 12.47 25.45 8.48 30.43 36.44 27.8 12.47
LGD 0.16 6.49 42.8 19.14 23.19 18.97 46.75 28.13
sum 0.69 34.22 91.56 68.03 1 1 1 1
LHD 1.87 15.13 22.68 33.64 60.92 40.64 25.82 59.04
50a0.4 FID 0.6 13.64 24.2 8.4 19.54 36.64 27.54 12.51
LGD 0.6 8.46 40.97 19.1 19.54 22.72 46.64 28.45
sum 3.07 37.23 87.85 67.14 1 1 1 1
LHD 2.5 45.54 22.98 38.28 45.54 66.4 26.81 58.45
100a0.4 FTD 1.23 14.67 22.63 8.31 224 21.39 26.4 12.69
LGD 1.76 8.37 40.11 18.9 32.06 12.2 46.79 28.86
sum 5.49 68.58 85.72 65.49 1 1 1 1

4. Discussion

With climate change and increased urbanization, the frequency and intensity of ex-
treme rainfall events have increased, leading to frequent urban flooding events [36-38].
Shenzhen city is located in the southeast coastal region of China, with abundant rainfall,
and is hit by typhoons every year. Urban flooding events often occur. This paper selects
the Shenzhen River Basin in Shenzhen as the study area, which includes Luohu District,
Futian District (partly) and Longgang District (partly) and belongs to the economically
developed and densely populated area of Shenzhen, while the topography of the study
area is flat and surrounded by hills on three sides, which makes it highly susceptible to
urban flooding. The results of the analysis show that as the rainfall peak coefficient factor
increases, the area of each risk zone increases to varying degrees. The larger the rainfall
peak coefficient factor, the more serious the flooding. As the rainfall return period increases,
the effect of the rainfall peak coefficient factor on the change in the area of the highest
risk zone diminishes. The highest risk zone is the largest within Luohu District (LHD),
accounting for 46.38%, 60.92% and 45.54% of the total highest-risk area, respectively. As
the return period increases, the area of the highest-risk zone within Futian District (FTD)
increases, but its proportion has a decreasing trend, and the proportion of highest risk area
within Longgang District (LGD) has an increasing trend. The article is of great significance
in assessing the urban flood risk in the Shenzhen River Basin.

There are many methods for flood risk assessment, including hydrological and hy-
drodynamic methods [39], scenario simulation methods [30], GIS-based analysis meth-
ods [40-42], and machine learning-based methods [43,44]. A great deal of research has
been carried out by scholars at home and abroad in the area of urban flood risk assessment,
and fruitful results have been achieved [40,45-48]. Flood risk assessment methods are
varied [49-51]. This paper proposes a novel approach to urban flood risk assessment based
on the TELEMAC-2D two-dimensional hydrodynamic model for the simulation of urban
flooding processes, coupled with natural geographic, social and economic distributions, to
comprehensively assess urban flood risk levels. The method simulates the flooding process
and extracts the inundation depth, flow velocity as well as elevation and slope factors from
the simulation results as the causative factors while considering the commonly used H-V
risk assessment method [52-54]. This study selects land use type, population density and
GDP as vulnerability indicators and uses the powerful data processing function in ArcGIS
for overlay analysis and classification to obtain an urban flood risk map of the Shenzhen
River basin under the designed rainfall scenario.

The main advantage of this approach is that it takes into account multiple natural,
social and economic indicators, simulates the urban flooding process based on the two-
dimensional hydrodynamic model, and uses the powerful data analysis function of GIS to



Water 2022, 14, 2513

18 of 21

realize the visualization of flood risk. The proposed method can be applied to other urban
areas for flood analysis and assessment.

The application of this approach has some challenges. In the article, due to the
difficulties in obtaining information on the underground drainage network in the study
area, an equivalent drainage method was used to generalize the network during the
flooding simulation, and there were certain errors in the flooding simulation results of
this method, but the impact on the flood risk level assessment was small. The spatial
resolution of the physical, social and economic distribution of information in the text varies
from one source to another. In the text, the data are divided into the same size raster
to make the results more reliable, and the spatial resolution of the indicator factors in
subsequent studies should be the same so the analysis results will be more accurate. There
are many factors affecting urban flood risk assessment, most of which change over time,
such as rainfall intensity, rainfall volume, population density and property distribution,
making it particularly difficult to build a unified urban flood risk assessment system.
The current research mostly selects a few of the important indicators for analysis and
assessment according to the selected study area. While there is also a large uncertainty in
the determination of the weighting of each indicator factor, the size of the weighting has
a large impact on the flood risk rating results, and the weighting should be determined
objectively and carefully. Some scholars [55] study emergency rescue programs under
heavy rainfall and flooding events. Analyzing and evaluating urban flooding can provide
scientific references for urban emergency rescue programs, which is also the direction of
future research [56].

5. Conclusions

Urban flood risk assessment and analysis is an important means of non-engineering
measures in urban flood prevention and mitigation. In this paper, the SRB is used as the study
area to carry out urban flood risk assessment work, and the main conclusions are as follows.

(1) This paper proposes a method for urban flood risk assessment, which is based on the
TLELMAC-2D two-dimensional hydrodynamic model for urban flood simulation and
coupled with multi-index factors such as natural geographical conditions and social
and economic conditions to assess urban flood risk and is able to give urban flood
risk assessment results with a spatial resolution of 30 m. The accuracy and reliability
of the method have been verified in the Shenzhen River basin, and the results are
reliable. The method can also be used in other research areas for urban flood risk
analysis, providing a scientific basis for urban disaster prevention and mitigation
early warning.

(2) Based on the TELEMAC-2D two-dimensional hydrodynamic model, an urban flood
simulation model was constructed, and the equivalent drainage method was used
to generalize the drainage capacity of the urban underground pipe network. The
accuracy and reliability of the model were verified by using two measured rainfall
data. The results show that the established model has good accuracy and reliability
and can be used to simulate flooding processes in the study area and obtain the
disaster-causing factors of urban floods;

(3) The H-V method was used to assess the flood risk in the SRB, and a total of seven index
evaluation factors were selected: inundation depth, flood velocity, elevation, slope, land
use type, population density and property distribution. The AHP method was used to
determine the weight values of each index factor, and the natural interruption method
and threshold division were used to carry out overlay analysis in ArcGIS to draw an
urban flood risk zoning map for the SRB under different design rainfall scenarios.

(4) Inundation depth is the most important influencing factor for flooding in the SRB,
followed by flood flow velocity and population density. The greater the depth of
inundation, the faster the flow velocity and the more concentrated the population
distribution; thus, the more severe the flooding situation. With the increase in the rain
peak coefficient, the area of each risk area increased to different degrees, indicating
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that the larger the rain peak coefficient, the more serious the flood disaster. As the
rain peak coefficient increased, the area of highest-risk areas increased the fastest. In
the 20 years rainfall scenario, as the rain peak coefficient increases from 0.2 to 0.8, the
growth rates of highest-risk areas are 1.49%, 2.94% and 1.43%. As the rainfall return
period increases, the effect of the rain peak coefficient on the change in the area of the
highest risk zone diminishes.

(5) An analysis of the distribution of flood risk levels within different administrative
areas of the SRB under three scenarios with a rain peak coefficient of 0.4 and rainfall
return periods of 20, 50 and 100 years is conducted. Within the LHD, the highest-risk
area is the largest and accounts for the largest proportion of the total highest-risk area,
at 46.38%, 60.92% and 45.54%, respectively. As the return period increases, the area of
highest-risk areas within FID increases, but its proportion tends to decrease, and the
proportion of highest-risk areas within LGD tends to increase. The flood risk zoning
map made in this study can better reflect the actual inundation situation in the study
area and can provide a reference basis for urban flood control and drainage decisions
in the SRB.
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