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A B S T R A C T   

Resilience has been widely used as a concept to analyse, understand, and improve cities’ coping 
capacities to disasters. However, it is still a challenge to operationalise and quantify resilience. 
This study proposes a framework for assessing resilience to disasters based on the relationship 
between disaster intensity and damage rate. We use intense (short-term heavy) rainfall-induced 
urban flooding in Shenzhen city, one of the largest cities in China, as an example to explore 
the main features and transferability of the proposed resilience assessment framework. In addi
tion, we demonstrate the usability of the proposed framework by using it to assess and compare 
the effectiveness of two resilience-building strategies: (1) permeable pavement transformation 
and (2) land vulnerability reduction. This research makes an innovative contribution through its 
effective disaster-damage-based approach for quantitatively evaluating urban resilience to di
sasters, which can support building resilience and mitigating the impact of climate change.   

1. Introduction 

Climate change has increased the frequency and intensity of extreme weather-related events (Jin et al., 2020; World Bank Group, 
2015). Short-term heavy rainfalls and their triggered disasters, such as flooding, pose a threat to the security and sustainable devel
opment of human society, especially in urban areas. Moreover, along with the accelerated process of urbanisation, the proportion of 
impervious areas is gradually increasing, resulting in an increased risk of rainfall-induced flooding, particularly in city centres (Bayazit 
et al., 2020; Mustafa et al., 2018). Therefore, urban disaster prevention and control have attracted much attention, and improving the 
ability to deal with extreme disaster events has become an urgent issue to solve. 

In the context of climate change, the concept of resilience has gained popularity in guiding disaster risk reduction practices 
(Munawar et al., 2021; Vachette, 2017; Watson, 2016; Burton et al., 2019). Resilience refers to the capabilities of a system to respond 
to transient disturbances, shocks, or long-term changes and uncertainties (Field et al., 2012; United Nations Office for Disaster Risk 
Reduction, 2009). It emphasises the self-organising processes of systems in response to disasters. More specifically, resilience is re
flected in the processes such as absorbing damage, adapting to risks, limiting further expansion of disasters when recovering from 
disasters, and mitigating the impact (Serre and Barroca, 2013; Nelson et al., 2007; Newman et al., 2009; McLellan et al., 2012; Hosseini 
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and Barker, 2016; Tanner et al., 2017; Vugrin et al., 2011). 
In recent years, research communities have heightened focus on intense rainfall events, which are disasters with large amounts of 

precipitation occurring over a relatively short duration (Tian et al., 2019; Yamagishi et al., 2013). Moreover, floods and geological 
disasters (e.g., landslides and debris flow) can be caused by intense rainfall events, resulting in extensive loss of property and human 
life. Therefore, quantitative approaches are needed to assess, build, and manage resilience to intense rainfall. However, operation
alising resilience to disasters, especially short-term and heavy precipitation events, and their consequent flooding (enhanced in urban 
environments with ‘hard’ built surfaces of low water permeability), has always been a challenge (Yang et al., 2021). 

In order to address this challenge, this study proposes a framework for quantitatively assessing resilience to disasters, which is built 
upon the relationship between the intensive rainfall-induced flood disaster and its damage to urban systems. The aim is supported by 
three objectives. Firstly, we justify the necessity of proposing this new disaster-damage-based framework for assessing urban resilience 
by reviewing the literature. Secondly, we explain the rationale and design of the proposed framework. Thirdly, we demonstrate the 
main features and transferability of the framework by taking the central urban area of Shenzhen city, one of the largest cities in China, 
as a study area, assessing Shenzhen’s resilience to short-term heavy rainfall and urban flooding, and comparing different resilience- 
building strategies. 

The rest of the paper is organised as follows. Section 2 presents an overview of prior work on resilience and its assessment methods. 
Section 3 introduces the disaster-damage-based framework for assessing urban resilience to disasters with a “disaster intensity – 
damage rate” curve. Section 4 describes the study area (i.e., central Shenzhen), the data used in this study, and the proposed resilience 
assessment method. Section 5 shows the results of the urban flooding simulation and Shenzhen’s resilience with the disaster damage 
curve. In Section 6, we compare two resilience-building strategies to demonstrate the usability of the proposed framework, discuss the 
framework’s features, and analyse research uncertainties and future opportunities. The paper concludes in Section 7 with a summary 
of the framework’s contribution as well as potential future work for resilience assessment. 

2. A brief overview of current resilience assessment methods 

Initially introduced in ecology, the application of resilience has expanded to other fields, including cities, social, and economic 
systems (Evans, 2011; Hosseini et al., 2016; Mao et al., 2017; Nan and Sansavini, 2017; Wilkinson, 2021; Yang et al., 2019), covering 
topics such as urban adaptation to climate change, natural disasters, environmental pollution, human conflict, and disease trans
mission (Jabareen, 2013; Leichenko, 2012; Sapountzaki, 2012; Nunes et al., 2019; Tyler and Moench, 2012). Timmerman (1981) first 
put forward the interpretation of resilience in the field of climate change research, that is, the ability to absorb disasters and recover 
from the impact of disasters. The concept of resilience has been widely used for disaster management (Cutter et al., 2008; Hernantes 
et al., 2017; Keating et al., 2017; Saja et al., 2019). This concept emphasises the process and capabilities that systems, communities or 
societies deal with and adapt to external shocks and interference and recover from them (United Nations Office for Disaster Risk 
Reduction, 2009). Disaster resilience is based on the premise that the system has a stable state and strives to maintain or recover to the 
stable state when it encounters disturbances (Lee, 2019; Dessavre et al., 2016; Manyena et al., 2011). Thus, resilience has become one 
of the most popular theories in the field of disaster, crisis, and risk research, and research on building resilient cities to cope with 
climate change and exploring sustainable development of cities has been increasingly recognised by researchers and policymakers. 

Based on the theoretical advances of the resilience concept, many assessment methods have been developed to evaluate and analyse 
resilience in cities or communities, such as index systems (Jabareen, 2013; Cutter and Derakhshan, 2018; ARUP, 2015; STAR COM
MUNITIES, 2020), system function curves (Bruneau et al., 2003; Feofilovs and Romagnoli, 2020; Henry and Ramirez-Marquez, 2012; 
FEMA/NIBS, 2015), and quantitative modelling (NHERI, 2018; SIM⋅CI, 2018; SAVI, 2020). Among them, index-based resilience 
assessment is the most used method (Rockefeller Foundation, ARUP, 2014; Sharifi and Yamagata, 2016). This method is suitable for 
comprehensive resilience evaluation. It evaluates systemic resilience by integrating the performance of subsystems, such as ecosystem, 
built environment, socioeconomics, management, education, and infrastructure (Birkmann, 2006; De Groeve et al., 2013; Kabir et al., 
2018; Sajjad et al., 2021). However, these index systems usually assume a better subsystem condition (e.g., higher biodiversity, 
wealthier society, and more investment in education) automatically leads to resilience. However, although index systems are relatively 
simple and easy to operate, they can be highly subjective. For example, given the different understandings of resilience and the 
variability of objectives across regions, institutions, researchers and policymakers, the resilience index systems and factor weights may 
differ significantly. 

System function curves are commonly used to evaluate resilience quantitatively (Polin and Kane, 2021; Gasser et al., 2021; 
Murdock et al., 2018). This method regards resilience as a process and quantifies resilience by analysing the impact of disasters on 
systems and systems’ consequent responses (Bruneau et al., 2003; Reed et al., 2009; Cimellaro et al., 2010; Bozza et al., 2017). It 
describes the change of system function state in the whole process of a single disaster event’s occurrence, development, and extinction, 
and quantifies resilience by calculating the area enclosed by the system function curve and coordinate axes. This method is mainly used 
for assessing urban infrastructure’s resilience to a specific type of disaster, in contrast to the index system’s general focus. Although this 
method provides a helpful perspective for quantitative assessments of resilience, it has limitations. For example, it focuses on assessing 
the performance under single events rather than disaster patterns, which does not entirely capture the concept of resilience as systemic 
attributes and capacities. In addition, this method requires a time series of systemic performance data at different disaster stages, 
which makes data collection and index calculation relatively complex. 

Many resilience assessment models have been developed based on the above two categories of methods, by assessing the risk of 
each component of the system or describing the process of disasters (Tong, 2021; Cheng et al., 2022). In addition, these models 
consider the factors that affect the system’s ability to cope with risk, recover from it, and learn and innovate. For example, Ouyang 
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et al. (2012) and Mugume et al. (2015) developed quantitative models based on the relationship between a system’s function and its 
disaster damage in single disaster events. They proposed to quantify resilience by assessing the system’s functional damage caused by 
disasters; for example, under a certain level of disasters, a smaller system damage suggesting a greater resilience. 

Although many methods have been put forward for resilience assessment, as shown above, further development is needed for a few 
reasons. For example, most current research on resilience assessment is still confined to conceptual discussions, focusing on the 
resilience connotation, mechanism and process, and construction of index systems. The implication of the assessment to policymaking, 
actions, and resilience building is not always clear. In addition, some of the indexes are difficult to be quantified, thus there is not an 
abundant number of empirical studies on quantifying resilience. Furthermore, regionally different and subjective assessments of 
resilience make it challenging to compare resilience across regions. In order to respond to these challenges, this study proposes a 
framework that facilitates quantitative resilience assessment across regions, enables analysis of resilience dynamics, and supports 
follow-up actions for resilience building. 

3. A disaster-damage-based framework for assessing urban resilience to disasters 

As reviewed above, resilience describes the system’s capacity to cope with and adapt to disturbances and maintain or recover to a 
stable state. Therefore, resilience can be characterised by the interaction between systems (e.g., urban systems) and their disturbances 
(e.g., water-related disasters caused by intense precipitation events) (Serre and Barroca, 2013; McLellan et al., 2012; Tyler and 
Moench, 2012; Adger et al., 2005). 

The urban system is a socio-ecological complex system (Restrepo and Morales-Pinzon, 2018; Odum and Odum, 1976; Ongkowijoyo 
and Doloi, 2018; Irwin et al., 2009). Elements in the urban system interlink closely to ensure its structure and function and achieve a 
stable state. Urban systems cope with disasters by mobilising internal natural, social, and economic factors to maintain their status and 
performance and resist damages (Chen et al., 2020a; Chen et al., 2020b; Hajibabaee et al., 2014). 

Rainstorms and floods triggered by rainstorms are very common in cities worldwide, and they have aroused extensive attention 
because of large number of affected people and economic losses. Short-term heavy rainfall is regarded as one of the main disaster- 
causing factors of urban floods. Therefore, in this study, flooding induced by short-term heavy rainfall is taken as a case of disaster 
to build the framework for assessing urban resilience. 

The impact of disasters on urban systems is usually measured by disaster damage (Meyer et al., 2009), which refers to the loss of all 
elements of the system in responding to disaster impact after the occurrence of a disaster (Gall, 2015; UNFCCC, 2012). It includes both 
the direct damage caused by physical or structural impact (e.g., destruction of buildings, properties, infrastructure), and indirect 
damage caused by reduction or cessation of production, medical expenses, income loss due to nonemployment or impacts on human 
wellbeing (e.g., casualties, human health) (Cochrane, 2004). The direct damage mainly reflects the system’s ability to resist the 
disaster, and the indirect damage demonstrates its ability to recover from disaster to a stable state. Both types of damage describe the 
whole process from the occurrence of a disaster to the recovery from it. 

The damage is mainly determined by the disaster intensity and the disaster-prone areas’ capacity (i.e., resilience) to cope with the 
disaster. Disaster intensity and damage usually exhibit a non-linear relationship (see Fig. 1). When the intensity of a disaster is low, the 
urban system is able to absorb disaster’s impact and has minimal damage. As the disaster intensity increases and passes a threshold, the 
damage caused by disasters increases rapidly. With a further increase in disaster intensity, the growth rate of disaster damage slows 
down. When the intensity of disaster is large enough to destroy an urban system, the disaster damage to the urban system reaches its 
maximum. 

According to the above-described disaster-damage relationship (also see Fig. 1), at a certain disaster intensity level, a higher 

Fig. 1. The conceptual relationship between disaster intensity and disaster damage. x represents the intensity of disasters (e.g., rainfall), and damage 
(x) represents the damage caused by the disaster. In the phase from xA to xB, the disaster intensity is minimal compared to the system’s coping 
capacity, and the disaster damage increases slowly along with the increase of disaster intensity. In the phase from xB to xC, the disaster intensity is 
large enough to make disaster damage increase sharply with the increase of rainfall intensity. The disaster-damage relationship in the phase xC to xD 
reaches a stable stage, and the damage is close to the maximum. 
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damage suggests a lower systemic capacity in coping with disasters, or in other words, a lower level of resilience. Similarly, a higher 
level of resilience implies the system has the capacity to cope with more intensive disasters without suffering large damage. Examples 
in Fig. 2 demonstrate different resilience behaviours. The damage to System I increases more rapidly with the growth of the disaster 
intensity and reaches the maximum damage (y-axis) at a relatively low level of intensity (x-axis). On the contrary, with the increase of 
disaster intensity, the damage to System II increases more slowly and can withstand heavier rainfall while maintaining the structure 
and functions of the system. This comparison suggests System II has higher resilience to intense rainfall than System I. 

In this study, it is assumed that an urban system has a long-term stable state, which is set as the maximum damage level (Fig. 3). The 
damage increases along with the growth of the disaster intensity and reaches 100% when the system collapses completely. However, if 
the system has a higher capacity in coping with disasters, the disaster-damage curve would be flatter or have a gentler slope, implying a 
larger area above the curve. Therefore, this area enclosed by the disaster-damage curve, the maximum damage line, and the y axis is 
used as an indicator of resilience (Fig. 3a). 

In practice, the disaster-damage curve can be drawn according to the historical disaster data to show the change of a system’s 
damage under the effect of different disaster intensities, and resilience can be measured by the area surrounded by the disaster damage 
curve and the coordinate axis (see Fig. 3a). However, because the probability of extreme disasters that can completely destroy the 
urban system is extremely low, we can consider the curve within a certain range of intensity (e.g., x1-x2 in Fig. 3b) and damage levels 
(e.g., 0-d in Fig. 3b). Regarding indicators, the disaster on the x-axis can be measured by variables such as rainfall intensity, or pre
cipitation, and the damage on the y-axis can be indicated by absolute damage or damage rate. 

4. Case study’s materials and methods 

4.1. Study area 

In order to demonstrate the proposed urban resilience assessment framework, we choose the central region of Shenzhen city as the 
research area, and urban flooding induced by short-time heavy rainfall as the research disaster to assess central Shenzhen’s resilience 
to urban flooding. 

Shenzhen is a coastal city in south China (113◦43′-114◦38′E, 22◦24′-22◦52′N), located in the south of Guangdong Province, on the 
east bank of the Pearl River Estuary. The total area of Shenzhen city is 1997.47 km2. The terrain of the whole region is high in the 
southeast and low in the northwest, and the landform is mainly composed of low hills with a gentle platform between them. The city 
has a subtropical maritime climate with abundant rainfall of about 1900 mm per year (Li et al., 2015; Zhou et al., 2021), and pre
cipitation increases with thunderstorms, heavy rainstorms, and typhoons. The rainy season is from April to September, and the major 
flood period is from July to September. 

Shenzhen is one of the economic centres in China, with a Gross Regional Product second only to Shanghai and Beijing, ranking the 
third among mainland cities in 2020. As an example of rapid urbanisation in China, Shenzhen has maintained high intensity and rapid 
growth. From 1990 to 2019, urban land area has expanded from 139 km2 to 700 km2. Thanks to the rapid social and economic 
development, land use has changed dramatically, leading to a typical urban landscape pattern with impervious surfaces (e.g., buildings 
and roads) increasing, while natural surfaces (e.g., water areas and green spaces) decreased. A large area has been hardened, which has 
constantly reduced ecosystem regulation services, leading to the continuous decline of capacity to regulate rainwater, putting sig
nificant pressure on the ecological environment and municipal pipe network. However, the construction of drainage systems and 
supporting facilities are insufficient. For example, the drainage standard of the pipe network is once-in-a-year rainfall, which means 
drainage pipes are able to resist short-term heavy rainfall events with a return period of one year. It is lower than the defence standards 
of developed cities in Europe and the United States (e.g., once in five to ten years rainfall), and far lower than the newly revised 
standard of urban drainage pipe network design “flood-prone areas in megalopolis and megalopolis need to resist once in more than 50 
years rainfall” (Jia et al., 2020; Thryse et al., 2018; Ministry of Housing and Urban-Rural Development of the People’’s Republic of 
China, 2014). Shenzhen’s imperfect municipal drainage system has been causing flooding problems and damage. For example, a heavy 

Fig. 2. Two examples of resilience behaviour. In System I, the disaster damage increases rapidly with the increase of disaster intensity. System II is 
more resilient than System I because System II’s disaster damage increases more slowly with the increase of rainfall intensity. At the same rainfall 
intensity, System II has a lower damage. The x axis denotes the disaster intensity, and the y axis denotes the damage caused by the disaster. 
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rainfall event in Shenzhen city on May 11, 2014, caused direct economic damage of nearly 80 million yuan (about USD 523 million). 
The central Shenzhen was used for this demonstration, which has an area of 344.88 km2, accounting for 17.26% of the total area of 

Shenzhen city (Fig. 4). 

4.2. Data 

The data used in this study include land use, soil type, Digital Elevation Model (DEM), building distribution data, Point of Interest 
(POI) data, depth-damage curves, and night-time light data. Urban flooding simulation and resilience assessment were conducted for 
the year of 2018. If the 2018 data were unavailable, the temporally closest available data were used. 

The land use data was from the Finer Resolution Observation and Monitoring of Global Land Cover in 2017 with a spatial resolution 
of 30 m. There are 10 types of land, namely farmland, forest, grassland, shrub, wetland, waterbody, tundra, construction land, bare 
land, and snow and ice. The soil type data was from the Harmonized World Soil Database (HWSD) with soil classification system FAO- 

Fig. 3. The proposed framework for assessing resilience. The shaded area, R, enclosed by the disaster-damage curve and the boundaries (i.e., the y- 
axis or dashed lines) is used to represent resilience. (a) Resilience measured at the full ranges of disaster and damage. (b) Resilience measured at 
predefined ranges of disaster (x1 - x2) and damage (0 - d). The x axis denotes the disaster intensity, and the y axis denotes the damage caused by 
the disaster. 

Fig. 4. Location and map of Shenzhen city.  
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90. The DEM data ASTER-GDEM V2 (2011, spatial resolution of 30 m) was derived from Geospatial Data Cloud (http://www.gscloud. 
cn/). Building distribution was from the building contour data with variables including building name, address, and height, which was 
derived from AutoNavi maps in October 2018. In this study, the building height information was superimposed with the original DEM 
to correct the urban surface elevation. The above data were input into a Soil Conservation Service (SCS) hydrological model for urban 
flooding simulation. 

Point of Interest (POI) was derived from AutoNavi maps (http://ditu.amap.com/), which were obtained by searching for keywords 
in the “Search POI” API using the Aude Web service. POI data contains basic information such as name, category, coordinates, and 
street address. POI includes 14 categories, such as shopping service, catering service, life service, company and enterprise, financial 
and insurance service. Each category was further divided into several sub-categories, such as restaurants, communities, schools, and 
hotels. This data was used to mark the attribute information of each plot in the study area to identify the types of urban functional land 
use. 

The depth-damage curves were used to describe different land-use’s vulnerability to flooding. The European Commission Joint 
Research Centre (JRC) developed a database of flood inundation depth - disaster damage curves, and these depth-damage curves were 
produced for each continent (Africa, Asia, North America, South/Central America, Australia, and Europe) according to land-use classes 
(e.g., residential, commerce, industry, transport, agriculture) (Huizinga et al., 2017). In this dataset, damage is a function of the 
inundation depth and land-use categories. The value of damage was normalised to 0–1, where 0 represents no damage and 1 represents 
the maximum damage. The flood depth-damage functions in Asia were used in this study (Huizinga et al., 2017). 

In addition, the National Polar-Orbiting Partnership’s Visible Infrared Imaging Radiometer Suite (NPP/VIIRS) night-time light data 
(spatial resolution of 500 m) was from the National Oceanic and Atmospheric Administration National Geophysical Data Center 
(NOAA/NGDC). This night-time light data is a representation of the intensity of human activities, which has been used to represent 
socio-economic parameters, such as GDP, population size, and electricity consumption (Agnihotri and Mishra, 2021; Sun et al., 2020; 
Doll et al., 2006; Sutton et al., 2007; Sun et al., 2021; Jasinski, 2019; Nurbandi et al., 2018; Henderson et al., 2012; Li et al., 2013). In 
this study, the NPP/VIIRS night-time light data in 2015 was used to represent the land value per unit area, with which the damage of 
urban flooding disaster was calculated. 

4.3. Resilience assessment 

According to the proposed resilience assessment framework based on the disaster-damage relationship, this study takes urban 
flooding as an example to evaluate urban resilience to short-term heavy rainfall by drawing the disaster-damage curve and calculating 
the shaded area as demonstrated in Fig. 3b. The assessment process includes five steps: (1) setting rainfall scenarios, (2) simulating 
rainfall-induced urban flooding, (3) evaluating disaster damage, (4) drawing disaster-damage curve, and (5) assessing urban resilience 
to short-term heavy rainfall (Figure 5). 

In the first step, this study set rainfall scenarios based on the historical rainfall characteristics and the Meteorological Bureau’s 
heavy rainfall grading. By comparing the precipitation in 1 h with the maximum cumulative precipitation in a series of durations (2 h, 

Fig. 5. Flow chart of resilience assessment.  
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3 h, 4 h, 5 h, 6 h), we found that the maximum cumulative precipitation in 3 h accounts for more than 89.6% of the maximum cu
mulative precipitation in 6 h, and the precipitation in 1 h accounts for 92% of the cumulative precipitation in 3 h. It can be interpreted 
that extreme rainfall events in Shenzhen are characterised by high precipitation intensity in short durations (mainly within 1 h). Our 
pilot flood simulations found that Shenzhen had nearly no inundation areas when the rainfall intensity was lower than 60 mm/h. Based 
on the hourly rainfall monitoring data from the national meteorological stations in Shenzhen from 1951 to 2018, about 5% of the 
rainfall events had intensities exceeding 60 mm/h, and the maximum hourly rainfall was 90.5 mm. Therefore, the duration of short- 
term rainfall was set to 1 h. Rainfall scenarios were 60 mm/h, 65 mm/h, 70 mm/h, 75 mm/h, 80 mm/h, 85 mm/h, 90 mm/h, 95 mm/h 
and 100 mm/h, covering the most possible range of rainfall intensity causing urban flooding disaster in Shenzhen. Because of the 
relatively small size of the central urban area and the limited number of national meteorological monitoring stations, we assumed that 
the rainfall was homogeneous across the study area. 

In the second step, urban flooding was simulated using the Soil Conservation Service (SCS) model, which was developed by the 
United States Department of Agriculture’s Soil and Water Conservation Service. The SCS model is an empirical hydrological model that 
combines rainfall characteristics with local land-use and soil characteristics to determine total surface runoff (United States Depart
ment of Agriculture, 1986; Tiwari et al., 2018). Originally designed to estimate runoff in soil and water conservation, the model has 
been extended to urbanised areas and vegetation-covered river basins. The model has a clear principle and can objectively reflect the 
influence of different soil types and land cover types on rainfall and runoff. With a simple structure and a small number of input 
parameters, it is an efficient method to calculate runoff of small watersheds and has been widely used in hydrological research in recent 
years (Xiao et al., 2011; Verma et al., 2020; Verma et al., 2021; Jahan et al., 2021). Based on the SCS hydrological model and relevant 
GIS spatial analysis tools, this study built a comprehensive urban flooding model. In this model, urban flooding was regarded as passive 
inundation. It was assumed that elevation was a key factor affecting the direction of water flow. All grids with elevations lower than the 
inundation were included in the flooded area. After calculating water accumulating volume in the watersheds and combining with 
urban DEM, the “equal volume method” was used to simulate the process of urban flooding confluence. Recursive running of the 
volume analysis was conducted to simulate the depth and spatial distribution of inundation under different rainfall scenarios. Ac
cording to the “Code for Design of Outdoor Wastewater Engineering (GB 500014-2006)” (Ministry of Housing and Urban-Rural 
Development of the People’s Republic of China (MOHURD), 2016), the inundation depth was divided into six levels: 0–0.5 m, 
0.5–1 m, 1–1.5 m, 1.5–2 m, 2–3 m, 3 m above. 

In the third step, an indicator of disaster damage rate was constructed to evaluate the relative damage, which was defined as the 
amount of damage divided by the local GDP. This variable was used to measure the rate of relative (instead of absolute) damage to a 
city. In central Shenzhen, the total damage rate of the whole city is the ratio of total damage to the total GDP of the city. The damage in 
a city was calculated as the sum of all the damage of all grid cells in the city, and the damage of each grid cell was the product of the 
cell’s value and its damage rate. The disaster damage rate, D, is calculated as below: 

D =

∑n
i=1di × Vi
∑n

i=1Vi
=

∑n

i=1
di ×

Vi
∑n

i=1Vi
=

∑n

i=1
di × vi (1.1)  

where i is the serial number of grid cells, n is the total number of grid cells in the study area, di is disaster damage rate of grid i, Vi is 
value of grid i, and vi is the ratio of the value of grid i to the total value of the study area. 

In this study, Vi was translated from the light intensity of grid i, considering that night-time light data is a good proxy of socio- 
economic parameters (Doll et al., 2006; Sutton et al., 2007; Nurbandi et al., 2018; Henderson et al., 2012; Li et al., 2013). It is 
believed that areas with high brightness of lights is usually a gathering area of human social and economic activities, with high ef
ficiency and economic output of land per unit area, indicating a relatively high level of land value. 

The damage rate of the land use type c (dc) is related to the inundation depth of the cell and the land use type to which the cell 
belongs: 

dc = fc(Depth) (1.2)  

where c denotes land use type, Depth represents inundation depth of the grid cells, and fc represents the depth-damage function of land 
use type c. 

Based on the POI data, this study classified the land-use into types by calculating the proportion of each POI in the comprehensive 
value of all types of POI in each block unit (Xu and Yang, 2017; Chi et al., 2016). Four land use types were produced: residential, 
commercial, industrial, and transportation lands. Most cells contained multiple land use types and the proportion of each type in each 
cell was calculated. The damage rate (di) of grid cell i can be characterised as follows: 

di =
∑4

c=1
dic × sic (1.3)  

where dic represents the proportion of damage in the land use type c of the grid cell i, and sic represents the proportion of land use type c 
in grid cell i. 

Therefore, the city’s damage rate (D) can be represented as: 

D =
∑n

i=1
di × vi =

∑n

i=1

∑4

c=1
dic × sic × vi =

∑n

i=1

∑4

c=1
fc(Depth)× sic × vi (1.4) 
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In the fourth step, we took the precipitation as the disaster on the x axis and the damage rate as the damage on the y axis. Based on 
the damage rate at each precipitation level, scatter points were plotted and connected to form the disaster damage curve. 

In the fifth step, built upon the disaster damage rate curve drawn above, the area enclosed by the disaster-damage curve and the 
horizontal (60–100 mm/h) and vertical (0–10%) boundaries was calculated, which indicates the urban resilience to short-term heavy 
rainfall. 

Fig. 6. Spatial distribution of the inundation area in the central urban area of Shenzhen in different rainfall scenarios from 60 to 100 mm/h. The 
inundation area and depth show an increasing trend with the increase of the precipitation intensity. Zoom-in portions of Shenzhen are displayed to 
present the change of inundation area and depth. 
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5. Results of the case study 

5.1. Urban flooding simulation 

The simulated flood maps are shown in Fig. 6. Under a series of rainfall scenarios, the inundation area presents an increasing trend 
with the increase of rainfall (Fig. 6). In the 60 mm/h rainfall scenario, only a few sporadic flooding points appear in the study area, and 
the inundation depth is also small, being between 0 and 0.5 m. It is because the capacity of drainage pipes is sufficient to cope with 
short-term heavy rainfall at this level without causing too much inundation. Along with the increase in rainfall, the inundation area 
continues to expand and reaches 7.17 km2 at 100 mm/h, accounting for 2.21% of the total central urban area, and the inundation 
depth is mainly from 0 to 3 m, with a few areas above 3.5 m. 

5.2. Disaster damage curve and resilience 

By overlaying the simulated inundated area, inundated water depth, as well as the land-use types and their vulnerability in 
inundated areas, we estimated Shenzhen’s damage rate in different rainfall scenarios and produced a disaster-damage curve (Fig. 7). 
As shown in Fig. 7, in the 60 mm/h rainfall scenario, the damage rate is very low, which is less than 0.01%. With the increase of rainfall 
from 60 to 100 mm/h, the disaster damage presents a monotone increase. In the 100 mm/h rainfall scenario, the damage rate reaches 
its maximum level at 9.65%. 

As shown in Fig. 7, the damage rate increases from less than 0.01% to nearly 10% as the rainfall intensity grows from 60 mm/h to 
100 mm/h. If we set the upper boundary of the damage rate as 10%, the relative resilience can be represented by the size of the shaded 
area which is 54% of the assessed disaster-damage space (x: 60–100 mm/h; y: 0–10%). 

6. Discussions 

6.1. Strategies to improve urban resilience 

Improving resilience is one of the ultimate goals for sustainable development in cities. However, at present, resilient city building is 
still in the exploration stage. Although some cities and researchers have consciously proposed a series of measures to enhance resil
ience (Doyle et al., 2017; Pfefferbaum et al., 2018), most of them tend to formulate policies and guidelines from the macroscopic aspect 
without analysing or testing the effectiveness and applicability of the resilience improvement measures. In this sub-section, we 
demonstrate how we can use this proposed framework to analyse and compare strategies of building urban resilience to flooding in two 
examples. 

The first strategy is to transform transportation land into permeable pavement. Waterlogging can be mitigated by engineering and 
technical means to reduce the pressure of drainage and modification of drainage systems with storage seepage measures at the 
waterhead. For example, green infrastructure (e.g., green roof, sunken green space, permeable pavement) widely discussed in recent 
years can alleviate urban flooding by maintaining water balance, and it is considered to be one of the most effective ways to improve 
the urban ecological environment (Lee et al., 2021; Chen et al., 2021; Li et al., 2020). The porous pavement is a typical measure to 
control rainfall and flood resources by reducing the impermeable proportion of a city to regulate runoff (Kia et al., 2021; Hu et al., 

Fig. 7. Central Shenzhen’s resilience to flooding. The shaded area indicates the central urban area of Shenzhen’s relative resilience to urban 
flooding disaster. 
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2018; Park et al., 2020). It can cause acceleration of rainfall-runoff infiltration in the adjacent areas. Besides, it is a common method for 
stormwater regulation in roads or regions with inconvenient drainages. 

The other strategy is to reduce the vulnerability of people and property exposed in disaster-stricken areas to decrease disaster 
damage. For example, in the Netherlands, about 1/3 of the land is below the sea level, and 65% is threatened by flooding. However, it 
has accumulated rich experience in water system planning, design, and urban flooding control. According to the depth-damage curves 
provided by the world database (Huizinga et al., 2017), the Netherlands has less vulnerable land in comparison to the same land use 
types in Asia, suggesting the Netherlands is more resilient to urban flooding. 

Based on the above two strategies, two additional scenarios were set up: one was reconstruction of impermeable land for trans
portation, and the other was reduction of land vulnerability. Scenario simulations were carried out to evaluate the improvement of 
urban resilience under different strategies. In the permeable pavement scenario, we assumed that construction intensity of the pervious 
pavement in the study area was regarded as 100%, that is, all transportation land in Shenzhen was transformed into permeable 
pavement. The results showed that the relative resilience of Shenzhen can be increased by 18.5% from 54.0% to 64.0% after the 
transformation (Scenario 1 in Fig. 8). In the scenario of reducing vulnerability, it was assumed that China’s capacity of disaster 
prevention and mitigation was improved to the Dutch standard, that is, the vulnerability of various land use types is reduced, and 
urban resilience is improved by 6.9% from 54.0% to 57.8% (Scenario 2 in Fig. 8). 

The simulations showed that both strategies can improve Shenzhen’s urban resilience to flooding to certain degrees, and the 
pavement transformation strategy was more effective in increasing resilience than the vulnerability reduction strategy in the given 
conditions. In Scenario 1, the construction of permeable pavements improved resilience by moving the disaster-damage curve to the 
right, suggesting this solution provided similar improvements across all disaster intensity conditions. In contrast, in Scenario 2, the 
vulnerability reduction elevated resilience by decreasing the slope of the curve, suggesting it was more effective when the disaster was 
more intensive. Although these two hypothetical scenarios are unlikely to happen in reality because of the extreme conditions set in 
this study (i.e., all transportation land is transformed, and the vulnerability of all land is reduced), they show how different resilience 
building strategies can be analysed, compared, and adapted in local contexts (e.g., Shenzhen in this case) under the framework 
proposed in this study. 

In addition to these engineering-based strategies, attention should be paid to improving the ability of urban disaster prevention by 
optimising urban risk management before, during and after disasters. For example, establishing disaster early-warning systems needs 
more attention to minimise damages under extreme disasters and emergencies (Hofmann and Schüttrumpf, 2020; Acosta-Coll et al., 
2018). Moreover, more studies are needed for the comprehensive risk identification and vulnerability assessment of urban security. 
During disasters, we should pay attention to minimising disaster risks with proactive responses and reducing the exposure of people 
and assets in affected areas (Schaer and Nygaard, 2016; Johann and Leismann, 2017; Rana et al., 2021). Moreover, we should 
consciously reduce the vulnerability of prone areas, enhance their ability to resist disasters, focus on the research of key technologies 
and equipment, such as the rapid recovery of urban systems after disasters, and reduce the damage caused by disasters (Ikeda et al., 
2008; Wu et al., 2020; Chen et al., 2018). 

Fig. 8. Comparison between disaster damage curves of different resilience improvement strategies. Original state shows the disaster-damage 
relationship in the original scenario. Scenario 1 (red line) describes the disaster-damage relationship when all transportation land in Shenzhen is 
transformed into permeable pavement. The disaster damage curve (blue line) in Scenario 2 shows the effect of reducing vulnerability to urban 
flooding. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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6.2. Features of the disaster-damage-based resilience assessment framework 

According to the previous review of existing resilience assessment methods, most conventional resilience assessment methods are 
based on subsystem attributes, subjective understanding of resilience, or single events - an evaluation system is formed by selecting 
indicators and factors that can describe the state of resilience from natural, economic, social, and cultural perspectives (Brown et al., 
2018; Yang et al., 2020), or from different management stages, such as prevention, response, recovery, and adaptation (Ouyang et al., 
2012; Zhang et al., 2021). As discussed in the introduction, many of these approaches do not always support cross-region comparison 
of resilience or assessment of resilience building practices. 

This study proposes a conceptual framework of quantitative resilience assessment based on the relationship between disaster and 
damage. The case study demonstrates the usability and extensibility of the framework. In addition, it provides an example of how the 
framework can be used to support urban flood management in general and a case reference for quantitative resilience assessment of 
other types of disasters in other areas. This general assessment approach is promising to enable intercomparisons of resilience across 
regions, which will be tested with empirical data by applying the framework to multiple cities as future work. Moreover, operational 
plans for resilience building can also be analysed and tested based on the framework. 

6.3. Research uncertainties and future opportunities 

This study simulated the spatial distribution and inundation depth of urban flooding, overlaid land use in the inundated areas and 
the vulnerability of different types of land, estimated the disaster damage rate of Shenzhen in different rainfall scenarios, and 
quantitatively evaluated the urban resilience based on the disaster-damage curve. However, there are still uncertainties in the result, 
suggesting future research opportunities for assessing urban resilience to short-term heavy rainfall in at least two aspects: urban 
flooding simulation and disaster damage estimation. 

The SCS model is a simple and efficient approach for simulating urban flooding. For example, this study used rainfall as the input 
and inundation area as the output, but it did not consider water loss in transportation. In addition, the local equal volume method was 
used to simulate the remittance charge, which determines the distribution of the waterlogging area mainly according to the terrain. 
Without considering the flow characteristics of water, it leads to a result that there will be no ponding in a relatively high terrain as 
long as it is not flooded as a whole in a local area. Although the SCS model is more than sufficient for the demonstrative purposes in this 
paper, in the future, the proposed resilience assessment framework can work with a more sophisticated and detailed hydrologic model 
that allows a comprehensive analysis of drainage systems to improve the simulation accuracy. 

For disaster damage estimation, there is no ready-to-use database of flood damage in China, which has become an obstacle to urban 
flood damage assessment, emergency response, and post-disaster reconstruction. Therefore, it is necessary to collect data and build 
databases about the value and vulnerability (e.g., depth-damage curves) of buildings, infrastructure, human society, economy, and 
other prone areas in each city, to improve the level of urban natural disaster risk assessment and provide a scientific basis for decision 
making of disaster prevention and reduction. For example, due to the lack of relevant data, we alternatively used the night-time light 
data as a proxy of the spatial distribution of land value in Shenzhen. It introduced uncertainties to the analysis because of its low spatial 
resolution (500 m), data noise, temporary lighting, and lighting spillover. In addition, the impact of urban flooding on humans (e.g., 
health and life damage), ecosystems, systemic risks, and long-term risks can also be considered in more holistic resilience assessments 
in the future. Therefore, we should pay more attention to building datasets of disaster damage and impact to support future resilience 
building and disaster management. 

7. Conclusions 

This study proposed and tested a disaster-damage-based framework for quantitatively assessing resilience based on the relationship 
between disaster intensity and damage. This framework provides an effective, intuitive, and widely applicable approach for quanti
tatively assessing resilience. At the same time, it is a useful tool for exploring resilience enhancement means and solutions. For 
example, we can optimise the disaster-damage curve to improve resilience using not only engineering, but also technical, social, 
ecological, or governance approaches, and compare the efficiency and effectiveness of different strategies to resilience enhancement. 
In this paper, we used Shenzhen as a study case to evaluate its urban resilience to flooding induced by short-term heavy rainfall and 
demonstrate the main features of the proposed framework by using it to analyse two resilience building strategies. Finally, we 
emphasise the importance of building global urban resilience databases to support more accurate, comprehensive, and comparable 
assessment of urban resilience to short-term heavy rainfall. 
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