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A B S T R A C T   

Urban flooding can seriously threaten urban ecological security and human life, and therefore urban flood 
resilience (UFR) is important for urban safety and stability. To comprehensively evaluate urban system perfor
mance during the entire process of rainfall, runoff, flooding, and drainage, we developed a systematic framework 
for UFR assessment covering runoff simulation, flood estimation, and resilience assessment, which broadly 
corresponded to the phases of resistance, adaptation, and recovery. The UFR in the phases of resistance, adap
tation, and recovery was simulated and assessed using a system performance curve (SPC) and technically 
combining with the hybrid flood model while mainly considering the total simulation time and inundated urban 
proportion in SPC. Because the extent of urban flooding can be influenced by climate change and the rate of 
urbanization, we chose the corresponding representative factors of precipitation and infiltration rate and 
considered 21 simulation scenarios (seven rainfall return periods and three infiltration rates) for which UFR was 
quantified according to urban system performance. The effectiveness of this framework was demonstrated in 
application to a typical highly urbanized area (i.e., Dongguan, China). The following results were derived: (1) 
The inundated area under the pessimistic scenario (i.e., S19) would be nearly four times greater than that under 
the optimistic scenario (i.e., S3); (2) The values of UFR in Dongguan were 0.9494–0.9863, locating at the high 
and very high level; (3) The lowest UFR value was 0.6552 in the Shuixiang New City district; and (4) The rainfall 
return period was the main factor influencing UFR under relatively short rainfall return periods (i.e., S1–S9), 
while infiltration rate was the principal influencing factor under relatively long rainfall return periods (i.e., 
S10–S21). The proposed systematic framework could be applied in other cities and large-scale regions like urban 
agglomerations and provinces.   

1. Introduction 

Cities play an important role in global socioeconomic development; 
however, many are frequently threatened by serious natural disasters 
such as flooding (Guo et al., 2020; Pan et al., 2021). Consideration of the 
performance of cities in response to such disasters, usually termed 
resilience, is increasingly important for safety and stability of urban 
system (Campanella, 2006), and it is the main reason for the proposal of 
urban development goals such as resilient cities and sponge cities (Li 
et al., 2020; Liang et al., 2020; Ma et al., 2020; Wang et al., 2017). To 
improve urban flood resilience (UFR) and to reduce the various 

associated losses, it is urgent to systematically simulate and assess urban 
resilience to identify the main contributing factors (Shi et al., 2021). 

The concept of resilience was first introduced in ecology by Holling 
(1973). Subsequently, resilience was introduced to describe the capacity 
of a system to resist, adapt to, and recover from a disturbance (Juan- 
Garcia et al., 2017). Previously, the resilience was applied in many fields 
such as urban drainage systems (Bertilsson et al., 2019; Meng et al., 
2018), urban social-ecological systems (Chen et al., 2020; Folke, 2006; 
Fu et al., 2021), and community systems (Cutter et al., 2008; Faulkner 
et al., 2018; Rapaport et al., 2018). Although often presented with 
different descriptions, there were two fundamental aspects to resilience: 
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addressing the integrity of processes, and assessing the persistence of 
disturbance. The former aspect meant that the entire phases of resis
tance, adaptation, and recovery should be comprehensively described 
by investigating the state of the system before, during, and after a 
disturbance (Wang et al., 2012). Although many previous related studies 
focused on assessing urban resilience to support sustainable urban 
planning and design (Bocchini et al., 2013; Hu et al., 2018; Ribeiro and 
Gonçalves, 2019), few studies considered the state of the system after 
the disturbances. Therefore, there is a need for establishing a conceptual 
framework that integrates multiple phases for assessment of urban 
resilience. The latter aspect identified that the corresponding methods 
for measurement of resilience vary depending on the actual disturbance. 

Urban flooding is one of the most common and devastating natural 
disasters (Hua et al., 2020; Qi et al., 2022). In recent decades, a number 
of cities have suffered substantial flooding events that have caused 
considerable damage and a large number of casualties (de Koning et al., 
2019; Guo et al., 2020; Li and Bortolot, 2022). UFR has long been 
regarded as an important indicator of urban sustainability (Dong et al., 
2017; Leandro et al., 2020). Thus, assessment of UFR is important for 
sustainable development (Laeni et al., 2019; Xiong et al., 2020). 

Owing to its merit of assembling different phases in the same curve, 
one of suitable methods for UFR assessment was the system performance 
curve (SPC) (Zheng and Huang, 2023). The efficiency and suitability of 
the SPC in quantifying flood resilience were better than those of other 
methods (e.g., multi-criteria indices-based metrics). Also, high- 
resolution resilience results, obtained by the SPC, can support dy
namic assessment of the ability of regional systems to cope with floods 
(Chen et al., 2021). Meanwhile, the results of flood simulations should 
be incorporated in the SPC, basically provided by hydrological models 
and hybrid flood models. Based on pipe network data, hydrological 
models (e.g., SWMM, Infoworks ICM, and CADDIES) have realized 
major contributions to simulation of flooding disasters using certain 
flood indicators (e.g., flood depth, flood volume, and inundated area) 
(Wang et al., 2021). Although many studies have combined the SPC with 
hydrological models to assess flood resilience (Chen et al., 2021; 
Mugume et al., 2015; Wang et al., 2019), hydrological models can 
hardly be applied at urban or large-scale regions owing to lack of 
detailed pipe network data. The hybrid flood model of surface analysis 
in 3D Analyst (i.e., the tool of ArcGIS) and the Soil Conservation Service 
Curve Number (SCS-CN) model have been applied widely to flood esti
mation when considering the subprocesses of rainfall, runoff, and flood 
(Ding et al., 2021; Mignot and Dewals, 2022; Wu et al., 2022). The 
spatial distribution of flood in large-scale regions can be obtained by 
ArcGIS software. As the recovery phase in the flooding events cannot be 
reflected without consideration of recovery process in the events based 
on the hybrid flood model, the application of this model was limited in 
the UFR assessment. 

A conceptual framework and suitable quantitative methods that 
integrate multiple phases should be developed for simulation and 
assessment of UFR. To fill this gap, the objective of this study is to 
develop a systematic conceptual framework for simulating and assessing 
UFR based on the SPC, addressing the dynamic variation of urban per
formance in the phases of resistance, adaptation, and recovery under 
flood disturbance. Quantification of system performance in the different 
phases will be realized based on the hybrid flood model, in which the 
infiltration rate of different types of urban land will be introduced to 
represent the urban drainage capacity and to supplement the recovery 
phase after the flooding. The combination of the SPC and the hybrid 
flood model will enable systematic simulation and assessment of UFR, 
which could support the development of strategies for improving urban 
system performance in terms of the adaptability to and recovery from 
urban flooding disasters. To demonstrate the effectiveness of the pro
posed approach, the model will be applied in a typical city of China that 
has undergone rapid urbanization (i.e., Dongguan). 

2. Methodology 

The systematic framework for UFR assessment is shown in Fig. 1, in 
which the overall process of a flooding disaster (e.g., rainfall, runoff, 
flood, and drainage) and the corresponding phase of resilience (e.g., 
resistance, adaptation, and recovery) are considered. Specifically, rain
fall and runoff correspond to the phase of resistance, while flood and 
drainage correspond to the phases of adaptation and recovery, 
respectively. 

And the concrete technical route of UFR assessment is given in Fig. 2, 
in which the hybrid flood model and SPC are combined to analyze the 
urban flood and assess the UFR at the urban and subcatchment scale. 

2.1. Runoff simulation 

2.1.1. Rainfall events design 
To estimate the effect of rainfall events in cities, multiple rainfall 

return periods (e.g., T = 1, 3, 10, 20, 50, 100, and 200 years) were 
designed to simulate rainfall (Wu et al., 2017). Using the rainstorm in
tensity formula of the Meteorological Bureau of Dongguan, rainfall in
tensity was calculated as follows: 

R =
3717.342 × (1 + 0.503lgT)

167 × (tr + 14.533)0.729 (1)  

where R is the designed rainfall intensity (mm/min), T is the rainfall 
return period (dimensionless), and the duration of rainfall tr is set at 120 
min (Wang et al., 2019). 

2.1.2. Runoff simulation based on the SCS-CN model 
Runoff was simulated using the SCS-CN model (NRCS, 1986), which 

can evaluate the impact of climate change, land use, and soil type on 
surface runoff under different scenarios (Xu et al., 2020). The specific 
calculation conducted for runoff involved Eqs. (2)–(4): 

Q =

⎧
⎪⎨

⎪⎩

(P − Ia)
2

(P − Ia + S)
(P > Ia)

0 (P < Ia)

(2)  

Ia = λ × S (3)  

S =
25400

CN
− 254 (4)  

where Q is runoff (mm), P is total precipitation (mm), Ia is initial 
abstraction (mm), S is the potential maximum soil moisture retention 
(mm), λ is the initial abstraction coefficient (λ = 0.2 in this study), and 
CN is the curve number for each combination of land use and soil type, 
ranging from 0 to 100 (dimensionless). 

The indicator CN represents runoff potential and it depends on the 
following three factors: antecedent moisture condition (AMC), hydro
logic soil group (HSG), and land use (Xiao et al., 2011). The AMC factor 
consists of the following three types: AMC I (dry soil moisture), AMC II 
(moderate, normal, or average soil moisture condition), and AMC III 
(wet soil moisture). Four levels (A, B, C, and D) are proposed for HSG 
analysis based on the performance of infiltration. For example, HSG 
levels A and D represent the highest and lowest infiltration rates, 
respectively (Yang and Zhang, 2011). In the process of determining the 
CN parameter, AMC II fitted the urban-scale conditions without addi
tional information. Cities generally had large areas of impervious sur
face in their soil composition; therefore, this study mainly considered 
AMC II and HSG level D to estimate runoff, and the corresponding CN 
value is shown in Table S1 of the Supplementary Material. Considering 
the potential for errors when the original CN value is used directly, the 
CN value adopted in this study was corrected on the basis of the pro
portions of local land use (e.g., cropland, woodland, grassland, water, 
built-up land, and unused land) in the subcatchments. The final CN 
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value of each subcatchment was obtained using the weighting method 
(Eq. (5)). Thus, the runoff of each subcatchment was accurately simu
lated when the final CN was corrected: 

CNn =
∑N

i=1
CNi × Wi (5)  

where CNn is the final value of the n-th subcatchment, CNi is the original 
value for each combination of the i-th land use types, and Wi is the 
percentage of the i-th land use types. 

2.2. Urban flood estimation 

2.2.1. Infiltration rate strategies simulation 
The process of assessing UFR using the hybrid flood model needed 

incorporation of the recovery phase in accordance with the concept of 
resilience (Juan-Garcia et al., 2017). In consideration of data avail
ability, the effects of the urban pipe network were not considered. In this 

study, adjustment of the infiltration rate was used to represent the urban 
drainage capacity. Referring to China Outdoor Drainage Design 
(GB50014-2021), the criteria for defining the three scenarios of infil
tration rates were confirmed. The drainage capacity of mega-cities (e.g., 
Dongguan) in China were tend to resist the actual precipitation which 
would be smaller than simulated precipitation under the specific rainfall 
return period (e.g., T = 10). Thus, the three infiltration rate strategies 
(v(T=1), v(T=3), and v(T=10)) were established based on the multiple 
rainfall return periods. The following steps were proposed: 1) dividing 
the original land use patterns into two types (i.e., built-up land and 
ecological land), 2) calculating the flood volume in combination with 
runoff by Eq. (6), and 3) evaluating the infiltration rates of the two land 
use types under the three short rainfall return periods using Eq. (7). It 
was assumed that the volume for drainage in ecological land would be 
equal to the flood volume under the three short rainfall return periods. 
Owing to the presence of some ecological land within areas of built-up 
land, the proportionality method was used to infer the drainage time 
of built-up land. Ultimately, the final infiltration rate for each 

Fig. 1. Systematic framework for assessment of urban flood resilience.  

Fig. 2. Urban flood resilience assessment technological roadmap.  
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subcatchment was determined using Eq. (8): 

Ve =
∑N

i=1
Qi × si (6)  

Ved = se × te × ve (7)  

vn =
∑N

n=1
ve × Wedn + vb × Wbdn (8)  

where Ve is the flood volume of ecological land (m3), Qi is the runoff of 
the i-th land use types (mm), si is the area of the i-th land use types (m2), 
Ved is the drainage volume of ecological land (m3), te is the drainage time 
of ecological land (min), ve is the infiltration rate of ecological land 
(mm/h), vn is the infiltration rate of the n-th subcatchment (mm/h), Wedn 
is the percentage of ecological land in the n-th subcatchment, vb is the 
infiltration rate of built-up land (mm/h), and Wbdn is the percentage of 
built-up land in the n-th subcatchment. 

2.2.2. Flood simulation 
The final flood volume of each subcatchment (i.e., Vfn), calculated 

using Eqs. (9)-(11) after determining the runoff volume and infiltration 
rate, was incorporated into the surface analysis in 3D Analyst to receive 
the urban submerged height (Wang et al., 2021). To represent the urban 
flood condition and to assess UFR, the indicator of inundated area was 
obtained using the Raster calculator tool of ArcGIS. 

Vn = Qn × sn (9)  

Vdn = sn × vn × tr (10)  

Vfn = Vn − Vdn (11)  

where Vn is the flood volume of the n-th subcatchment (m3), Qn is the 
runoff of the n-th subcatchment (mm), sn is the area of the n-th sub
catchment (m2), Vdn is the drainage volume of the n-th subcatchment 
(m3), and Vfn is the final flood volume of the n-th subcatchment (m3). 

2.3. Urban flood resilience assessment 

The inundated area was chosen as a flood indicator to reflect the 
influence of urban flooding. UFR was calculated on the basis of the loss 
in system functionality and the recovery time (Bocchini et al., 2013; 
Hwang et al., 2015; Mugume et al., 2015). The system performance (p 
(t)) of a catchment was defined as the ratio of the number of unflooded 
grid cells to the total number of grid cells, as presented in Eqs. (12)-(14) 
(Wang et al., 2019). UFR was assessed by an aggregation of p(t) during 
the entire simulation, as presented in Eq. (15): 

g(i, t) =
{

1 d(i, t)⩾hc
0 d(i, t) < hc

where t ∈ [0, tn] (12)  

N(t) =
∑N

i=1
g(i, t) (13)  

p(t) = 1 −
N(t)

N
(14)  

Res =
1
tn

∫ tn

0
p(t)dt (15)  

where d(i, t) is the water depth of grid cell i at time t, g(i, t) is the state of 
grid cell i at time t, hc is the threshold of flood depth, N(t)is the total 
number of flooded grid cells, N is the total number of grid cells in the 
catchment, p(t) is system performance at time t, tn is the total simulation 
time, and Res is the urban system resilience. 

To dynamically simulate p(t) in large-scale regions, this resilience 

assessment model was improved on the basis of the following steps in 
relation to the inundation process: 1) redefining p(t) by the proportion 
of the unflooded area to the total area in this study by Eq. (16), 2) 
adopting the same 10-min interval to understand the dynamic flood 
condition, including the duration of rainfall and drainage time, 3) 
obtaining the flooded proportion using the hybrid flood model, 4) 
simulating the integral function of each same interval by a function 
fitting by Eq. (18), and 5) determining the system performance and 
corresponding resilience on the basis of step 4 (Fig. 3). 

g(n, t) =
{

1 d(n, t)⩾hin
0 d(n, t) < hin

where t ∈ [0, tn] (16)  

N(t) =
∑N

n=1
g(n, t) (17)  

∫ tn

0
p(t)dt =

∑
n

10

j=0

(p(tj) + p(tj+1)) × tsame

2
(18)  

where d(n, t) is the calculated simulated height of subcatchment n at 
time t, hin is the simulated height, N(t) is the total inundated area at time 
t, p(tj) is the system performance at time j, p(tj+1) is the system perfor
mance at time j + 1, and tsame is the same interval (10 min). 

3. Study area 

The city of Dongguan was selected for the case study to demonstrate 
the applicability of the proposed framework. Located in one of the 
fastest developing regions of China, Dongguan is strategically important 
to the overall development of the Pearl River Delta (Sun et al., 2018). 
Dongguan is a typical city that suffers urban flooding owing to the 
subtropical monsoon climate. Annual average temperature is 22 ℃ and 
mean annual precipitation is 1700 mm. In 2020, 1317 mm of precipi
tation was recorded during May-September (https://dgwater.dg.gov. 
cn/). Meanwhile, in the rapid urbanization process, the built-up area 
increased from 687 to 1243 km2 during 1995–2020 (https://www. 
rescd.cn). Also, the rates of urbanization and built-up land in Dong
guan were 92.2% and 52.2% in 2020, respectively (Rong et al., 2022). 

The following data were collected in this study: (a) land use, (b) a 
digital elevation model, (c) an administrative map of Dongguan, and (d) 
delineation of the subcatchments of Dongguan based on ArcGIS (Fig. 4). 
The proportions of land use of each subcatchment are shown in Table S2 
of the Supplementary Material. The land use and digital elevation model 
data were obtained from the Data Center for Resources and Environ
mental Science of the Chinese Academy of Sciences (https://www.rescd. 
cn). The administrative divisions refer to the Dongguan Agency of 

Fig. 3. System performance curve for an urban system under the precipitation.  
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Natural Resources (https://nr.dg.gov.cn). It should be noted that the 
total subcatchment area (2164 km2) is smaller than the Dongguan 
administrative area (2460 km2). 

4. Results and discussion 

4.1. Runoff simulation result 

Simulated using the rainstorm intensity formula (Eq. (1)), the total 
precipitation of Dongguan over a duration of 120 min was estimated 
based on multiple rainfall return periods, i.e., T = 1, 3, 10, 20, 50, 100, 
and 200 years, giving precipitation totals of 75, 93, 113, 124, 139, 151, 
and 162 mm, respectively. With reference to Wang et al. (2019), the 
peak of rainfall intensity occurs in the middle of the precipitation 
duration. As indicated in Fig. 5, the rainfall intensity was simulated to 
gradually increase during the first 60 min and then decrease during the 
second 60 min. Thus, the maximum rainfall intensity occurred at 60 
min. 

The infiltration rates correlated with the amount of precipitation and 
the proportion of underlying impervious surface. Consequently, the 
infiltration rate increased with increase in the proportion of ecological 
land. The infiltration rates associated with ecological land and built-up 
land are listed in Table 1. The maximum value is 36 mm/h and the 
minimum value is 8 mm/h, and several factors contributed to this 
variation. First, the infiltration rates were designed to load the pressure 
of rainfall. The rates were higher for the longer rainfall return periods 
than for other scenarios. Second, the proportion of underlying imper
vious surface in areas of built-up land is greater than that of ecological 
land. Thus, the infiltration rates of built-up land are lower than those of 
ecological land. The infiltration rates of the subcatchment in three sce
narios are listed in Table S3 of the Supplementary Material. 

Fig. 4. (a) Land use, (b) digital elevation model, (c) administrative map, and (d) subcatchments of the city of Dongguan, China.  

Fig. 5. Design rainfall of the seven rainfall return periods.  

Table 1 
Infiltration rates of land use under three strategies (mm/h).  

Three strategies Ecological land Built-up land 

v(T=1) 20 8 
v(T=3) 27 11 
v(T=10) 36 13  
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4.2. Urban flood analysis 

In the phase of the duration of rainfall, the indicator of inundated 
area was used to represent the extent of urban flooding. Generally, the 
extent of urban flooding is influenced by climate change and rapid ur
banization (Hammond et al., 2013; Löwe et al., 2017). In this study, the 
extent of the inundated area depended on two factors (i.e., rainfall re
turn period and infiltration rate). As listed in Table 2, the total inundated 
area increases with extension of the rainfall return period from 1 to 200 
years and decreases with extension of the infiltration rate scenario from 
v(T = 1) to v(T = 10). For example, the smallest inundated area is 58.8 km2 

under S3, while the largest inundated area is 288.5 km2 under S19. 
Generally, the total simulation time (i.e., duration of rainfall and 
drainage time) (Table 3) and the system performance directly represent 
the state of the flooded urban system. The smallest total time is 130 min 
under S3, while the largest total time is 800 min under S19. 

The spatial distributions of inundated urban area under the 21 sce
narios were obtained in consideration of seven rainfall return periods 
and three infiltration rates (Fig. 6). Generally, the main area of inun
dation would be located in the northwest of Dongguan (e.g., the 
Shuixiang New City, and Urban Area) because the infiltration rates of 
these areas with a high proportion of built-up land were smaller than 
those of others districts. Eastern parts of the Shuixiang New City district 
and northern parts of the Urban Area have the largest area of inunda
tion. The regions in the north of Songshan Lake and the middle of the 
Eastern Industrial Park suffer a medium degree of urban flooding. Since 
the area proportion of ecological land (i.e., woodland and grassland) is 
relatively high in the Binhai Area and the Linshen Area, most parts of 
these two districts would suffer slight urban flooding. The specific 
spatial distributions of inundation in Dongguan help identify the areas 
prone to serious flooding and provide mitigation strategies. Ultimately, 
the Shuixiang New City, Urban Area, and Eastern Industrial Park dis
tricts require more attention for improvement of their UFR. 

The inundated urban proportions of 2.72%–13.33% in Dongguan 
were smaller than that in Nanjing (7.85%–15.88%) under the rainfall 
return periods of T = 5–100 (Wang et al., 2021). Several factors might 
contribute to this difference: (1) the precipitation, which is simulated by 
the rainstorm intensity formula, is larger in Nanjing than in Dongguan, 
which means that the risk of Nanjing is higher, (2) the proportion of 
built-up land of Dongguan (i.e., 52.2%) is larger than that of Nanjing (i. 
e., 24.9 %), which means that the runoff of Dongguan is higher, and (3) 
the drainage capacity in Dongguan (respond to the rainfall return pe
riods of T = 10), which is correlated with infiltration rates, is larger than 
that in Nanjing (respond to the rainfall return periods of T = 2), which 
means that the drainage capacity of Dongguan is higher. 

In this study, the rainfall return periods were designed to represent 
extreme rainfall events. For scenarios with the same infiltration rate, 
longer rainfall return periods present similar areas of inundation, e.g., 
the inundated area is 279 and 288.5 km2 under S16 and S19, respec
tively. Several factors might contribute to this phenomenon: (a) the two 
rainfall events reached the level of extreme heavy precipitation (i.e., 
more than 250 mm in under 24 h) and the total amount of precipitation 
in each event was similar, i.e., 151 and 162 mm, and (b) the infiltration 
rates (v(T=1)) of ecological land and built-up land were 20 and 8 mm/h, 
respectively, which meant that the precipitation amount exceeded the 
drainage volume. This phenomenon was mainly reflected by the fact 
that the inundated area of some districts remained under the same flood 
condition for certain adjacent rainfall return periods. Comparison of the 

results for the shorter rainfall return periods reveals that the inundated 
areas (Table 2) varied substantially under the nine scenarios (S1–S9). 
The inundated area expanded when the rainfall return period and the 
infiltration rate both increased, e.g., 133.5 km2 (S1), 169.9 km2 (S5), 
and 192.3 km2 (S9). This meant that the influence of precipitation is 
greater than that of the infiltration rate under S1–S9 in this study. 

4.3. Resilience assessment result 

4.3.1. System performance results 
In this study, the values of p(t), indicated by the proportion of 

unflooded urban area during the total simulation time, were used to 
describe the state of the urban system (Fig. 7). Generally, p(t) gradually 
declined with increasing rainfall, and it reached its minimum value for 
rainfall of over 120 min. The values of p(t) gradually rose to 1 when the 
rainfall pressure disappeared and the infiltration rate reacted continu
ously. For the same rainfall return period, the p(t) values at high infil
tration rates were larger than those at low infiltration rates. The reason 
was that high infiltration rates represent greater drainage capacity. For 
the same infiltration rate, the p(t) values of shorter rainfall return pe
riods were higher than those of longer rainfall return periods. The 
maximum value of p(t) was 0.97 under S3, while the minimum value of p 
(t) was 0.86 under S19. Under high infiltration rates and short rainfall 
return periods (e.g., S3, S6, and S9), the values of p(t) maintained the 
same level because the infiltration capacity exceeded the flood pressure 
during the duration of rainfall, e.g., the value of p(t) was maintained at 
0.97 from 70 to 120 min under S3; other scenarios also exhibited the 
same phenomenon. 

4.3.2. UFR values on the urban scale 
The UFR values of Dongguan are listed in Table 4. Influenced by the 

rainfall return periods and infiltration rates, UFR values are more than 
0.9494 in Dongguan. Rainfall, regarded as an indicator of disturbance, 
has a negative impact on UFR. Infiltration rates, regarded as an indicator 
of recovery, has a positive impact on UFR. The UFR value declined with 
extension of the rainfall return periods when the infiltration rates 
remained unchanged. Similarly, the UFR value generally increased with 
improvement in the infiltration rates when the rainfall return periods 
remained unchanged. Thus, the UFR value was the biggest (i.e., 0.9863) 
under S3 and the smallest (0.9494) under S19. The UFR value will 
decrease if both the rainfall return period and the infiltration rate in
crease under S1-S9. The influence of rainfall return periods to the UFR 
would be more obvious than that of infiltration rate under S1 to S9. The 
UFR value would not decrease under S10-S21, if both the rainfall return 
period and the infiltration rate increase. Thus, the influence of infiltra
tion rate to the UFR would be more obvious than that of rainfall return 
period under S10 to S21. 

In comparison with the related studies in Xiangzhou District of 
Zhuhai and Siergou area in Dalian (Chen et al., 2021; Wang et al., 2019), 
the UFR values in Dongguan are smaller than that in Zhuhai and Dalian. 
These differences may be derived from the proportion of built-up land, 
rainfall return periods, or infiltration rates. The UFR values in 22.6% 
and 77.4% subcatchments in the Siergou area in Dalian were 0.60–0.90 
and 0.90–1.00 under 2-h design rainfall for 200-year return period, 
respectively. Similarly, the UFR values in 29.8% and 70.2% subcatch
ments under the pessimistic scenario (i.e., S19) were 0.60–0.90 and 
0.90–1.00 in this study. The UFR values is correlated with the system 
performance (i.e., unflood proportion) and total simulation time. 

Table 2 
Inundated area on the urban scale under the 21 scenarios (km2).   

T = 1 T = 3 T = 10 T = 20 T = 50 T = 100 T = 200 

v(T=1)  133.5  192.2  223.7  250.9  266.6  279.0  288.5 
v(T=3)  81.0  169.9  204.9  226.0  256.4  266.5  282.6 
v(T=10)  58.8  125.7  192.3  204.4  227.7  260.1  263.4  

Table 3 
Total simulation time on the urban scale under the 21 scenarios (min).   

T = 1 T = 3 T = 10 T = 20 T = 50 T = 100 T = 200 

v(T=1) 270 380 500 570 650 730 800 
v(T=3) 170 240 330 380 450 500 550 
v(T=10) 130 180 250 290 340 390 430  
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T=1 v(T=1) S1 T=1 v(T=3) S2 T=1 v(T=10) S3

T=3 v(T=1) S4 T=3 v(T=3) S5 T=3 v(T=10) S6

T=10 v(T=1) S7 T=10 v(T=3) S8 T=10 v(T=10) S9

T=20 v(T=1) S10 T=20 v(T=3) S11 T=20 v(T=10) S12

T=50 v(T=1) S13 T=50 v(T=3) S14 T=50 v(T=10) S15

T=100 v(T=1) S16 T=100 v(T=3) S17 T=100 v(T=10) S18

T=200 v(T=1) S19 T=200 v(T=3) S20 T=200 v(T=10) S21

Fig. 6. Spatial distributions of inundated urban area.  
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Although the area of regions, and infiltration rates were different, the 
distributed proportions of UFR values were similar. 

4.3.3. UFR values on subcatchment scale 
The UFR values on subcatchment scale were quantified according to 

urban system performance. The UFR values were found similar under 

Fig. 7. Urban system performance under the 21 scenarios.  

Table 4 
Urban flood resilience (UFR) values under the 21 scenarios.   

T = 1 T = 3 T = 10 T = 20 T = 50 T = 100 T = 200 

v(T=1)  0.9832  0.9772  0.9701  0.9645  0.9581  0.9538  0.9494 
v(T=3)  0.9856  0.9771  0.9740  0.9711  0.9645  0.9601  0.9558 
v(T=10)  0.9863  0.9793  0.9476  0.9739  0.9712  0.9678  0.9638  

Fig. 8. Subcatchment-scale UFR under (a) S3 and (b) S19.  
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adjacent scenarios, being constrained by the threshold of flood depth 
and flood volume. Thus, an optimistic scenario S3 and a pessimistic 
scenario S19 were chosen to analyze the UFR values on the subcatch
ment scale (see Fig. 8). The UFR values were divided into five levels, i.e., 
very low (0.60–0.70), low (0.70–0.80), moderate (0.80–0.90), high 
(0.90–0.95) and very high (0.95–1.00). 

In terms of the optimistic scenario (i.e., S3), UFR values in most 
districts would be very high (i.e., more than 0.95), indicating the ability 
of resisting to flood disasters. In other words, the drainage speed of 
urban underlying surface are bigger than the precipitation density with 
the high UFR values. For example, except the 23rd subcatchment in 
Shuixiang New City which belonged to the moderate level, the UFR 
values of other subcatchment fell into the high and very high levels. In 
terms of the pessimistic scenario (i.e., S19), the UFR values of 23 and 24 
subcatchments belonged to the high and very high levels, respectively. 
The maximum UFR value, indicating the good performance of adapting 
flood, occured in Linshen Area. Conversely, the UFR values of the other 
subcatchments were less than 0.90. The minimum UFR value is 0.6552 
in the Shuixiang New City district, indicating the very low level for 
adapting flood. Some strategies needed to be applied to improve the 
resilience of these vulnerable districts in the future. The certain districts 
presented some special conditions. For example, although precipitation 
changed substantially from S3 to S19, the UFR of the Linshen Area 
remained the same under the two scenarios. This means that this district 
had favorable capacity to adapt to flood disasters. The UFR values of all 
subcatchments under the 21 scenarios are listed in Table S4 of the 
Supplementary Material. The findings of this study could help identify 
urban districts vulnerable to flooding on the basis of UFR values. 

5. Conclusions 

Frequent flood disasters can seriously threaten the stability of urban 
systems. To improve the capacity of an urban system to cope with 
flooding, increasing attention has been paid to UFR, being critical for 
urban safety and stability. We suggested that systematic simulation and 
assessment of UFR should be vital for investigating the features of urban 
system and contributions of indicators in the entire process of an urban 
system when faced with a flood event. Correspondingly, this study 
developed a systematic framework for simulation and assessment of 
UFR, incorporating the entire processes of a flood event (e.g., rainfall, 
runoff, flood, and drainage) and the related phases of resilience (e.g., 
resistance, adaptation, and recovery). Quantification of UFR was 
revealed by an improved hybrid flood model and the SPC. The proposed 
systematic framework could be extended to simulation and assessment 
of resilience to flooding in cities or large-scale regions such as urban 
agglomerations and provinces after acquiring the essential data of 
simulated rainfall data, land use, digital elevation model, drainage 
infrastructure planning and administrative map. To verify the effec
tiveness of the framework, the city of Dongguan in China was selected as 
a case study. Twenty-one scenarios were proposed on the basis of mul
tiple rainfall return periods and infiltration rates. The following results 
were obtained: (1) the inundated area of Dongguan would account for 
58.8–288.5 km2, and the recovery time would vary in the range of 
10–680 min, (2) on the urban scale, system performance (i.e., unflood 
proportion) and UFR value would be 0.86–0.97 and 0.9494–0.9863, 
respectively, (3) the UFR values would increase with the growth of 
infiltration rate for subcatchments, and (4) indicators of rainfall return 
periods and infiltration rates would be the main factor influencing UFR 
values under relatively short rainfall return periods and relatively long 
rainfall return periods, respectively. On the basis of the derived results, 
the following policy recommendations were proposed: (1) improving 
the proportion of ecological land in the seriously inundated districts like 
Urban Area and Shuixiang New City to increase drainage capacity, or 
establishing some low-impact development strategies, (2) promoting 
draining efficiency and coverage ratio of the urban pipe network ac
cording to the contribution of urban drainage infrastructure on UFR, and 

(3) providing special support for the vulnerable districts (e.g., the first 
subcatchment) according to the UFR values. 

This study had some limitations. First, the summed subcatchment 
area was relatively smaller than the total administrative area of Dong
guan, generated by the accuracy of DEM data. Second, the values of 
inundated area and the UFR values were similar in adjacent scenarios, 
suggesting that in-depth analysis should be required to explore the un
derlying intrinsic principles. Third, based on the UFR values under the 
multiple scenarios in the current study, the strategies of improving UFR 
should be further focused on in the future, to support decision-making in 
recovering and reconstructing urban functions under the flood 
disturbance. 
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