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With growing flood risk due to increased urbanization, flood damage assessment and flood riskmanagementmust be reconsidered.
To demonstrate and assess the new features and trends of flood risk in urbanized areas, a novel S-shaped function of return period
and damage (𝑅-𝐷) is proposed.The function contains three parameters, which are defined as themaximumflood damage𝐴, critical
return period𝑅

𝑐
, and integrated loss coefficient 𝑘. A basic framework for flood damage assessment was established to evaluate flood

damage in the Taihu Basin under various scenarios. The simulation results were used to construct the flood 𝑅-𝐷 functions. The
study results show that the flood 𝑅-𝐷 model based on the Gompertz function agrees well with the mutability of flood damage in
the highly urbanized basin when the flood scale exceeds the defense capability. The 𝑅-𝐷 function can be utilized for timely and
effective flood damage assessment and prediction. It can describe the impacts of socioeconomic development, urbanization degree,
and flood control capability improvements well. The turning points of the function curve can be used as gradation criteria for
rational strategy development associated with flood hazards.

1. Introduction

In modern society, with increasing population density and
assets in flood control districts, under equivalent scales
of flooding, flood damage is higher than it was in the
past. To ensure security, a comprehensive system of flood
control mechanisms has been built, and the flood control
standard has been improved continuously. Disaster mitiga-
tion benefits can be achieved by optionally adopting flood
control mechanisms. However, for events with extreme peak
flows beyond design standards, the associated flood damage
sharply increases [1, 2]. It is important to determine the evolu-
tionary trends of flood risk in modern society.The formation
mechanisms of chain reactions and mutability of floods
provide the basis for predictive controls [3]. The relationship
between flood return period and flood damage should be
constructed based on a comprehensive consideration of the
impacts of economic development, urbanization degree, and
flood control capacity changes. Reasonable gradation criteria

associated with flood hazards provide crucial information for
strategy development and planning adaptation.

According to the Atlas of Mortality and Economic Losses
fromWeather, Climate andWater Extremes 1970–2012, storms
and floods accounted for nearly 80 percent of all disasters due
to weather, climate, and water extremes, resulting in nearly
half of the relatedmortalities and over 80 percent of economic
losses. As the population and wealth increase in urban
areas, the flood risk also increases. Konrad reported that
urbanization resulted in 2-year, 10-year, and 100-year flood
peak increases by 100%∼600%, 20%∼300%, and 10%∼250%,
respectively [4]. Current assessments of flood damagemainly
focus on direct economic loss. There are three main methods
of flood damage assessment: (1) the traditional investigation
method, (2) assessmentmodels based onmathematicalmeth-
ods, and (3) integrated models based on geographic informa-
tion system and remote sensing (GIS/RS). Investigation is the
most basic method.The data integrity demand is high for this
method. In the traditional investigation method, researchers
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complete field investigations of property loss and casualties
after disasters occur. It requires considerable manpower and
is not suitable for predicting flood damage. Field survey and
investigation data provide a foundation for flood damage
assessment. Damage assessment models based onmathemat-
ical methods have been widely used. They can be divided
into two types. One calculates flood damage by constructing
flood loss rates for hazard-affected bodies.This type of model
sets the water depth or submerged period as an independent
variable and flood loss rate as a dependent variable. Then,
regression equations of water depth or submerged period
and flood loss rate are established [5]. For example, Penning-
Rowsell and Chatterton [6] and Parker et al. [7] proposed 140
flood vulnerability curves. HAZUS-MH includes more than
900 damage curves for estimating damage to various types of
buildings and infrastructures [8, 9]. Australia and Japan built
vulnerability curves for damage estimation of different build-
ings [10]. The other type includes rapid assessment methods,
such as fuzzy comprehensive evaluations, grey correlation
analyses, genetic algorithms, and BP neural networks [11–16].
These methods require reliable historical flood data. China
currently lacks a historical flood database. In addition, the
reliability of socioeconomic and property loss data is poor.
With the technological development of hydrologic models,
hydraulic models, RS, and GIS, integrated models have been
widely used in recent years. Flood inundation information
is the input data used in these methods. Then, inundation
information and socioeconomic information are analyzed by
spatial overlay [17, 18]. Detailed geographic data are needed
to construct integrated models based on GIS/RS. Therefore,
mathematical methods and integrated models based on
GIS/RS are combined to construct 𝑅-𝐷 function curves,
which are established for rapid and effective flood damage
assessment.

S-shaped growth curves are often utilized to describe
variable growth processes such as slow growth, fast growth,
and decay. Because hazard-affected bodies have defensive
and recoverable capabilities, the flood damage development
process will be bounded. In the initial phase, flood damage
increases slowly because of resistance effects. Due to increas-
ing flood or rainfall accumulation, the energy exceeds the
defensive capability.Then, a rapid development phase occurs.
Finally, with an energy release, the development process
enters the attenuation phase. In previous studies, Li et al.
found that the general type of damage loss mimics an S-
shaped curve [19, 20]. Yu et al. developed direct economic loss
curves for the minimum, maximum, and most likely floods
based on aMonte Carlo method [21].These loss curves are all
S-shaped. Hence, it is reasonable to build S-shaped functional
curves of flood damage.

Some studies have attempted to build damage functions
by curve fitting. For example, Chen et al. established a
water-induced disaster damage curve based on a hyperbolic
tangent function [22]. However, the meanings of parameters
in the S-shaped function were not defined according to
their physical meanings. Additionally, the function curve
cannot describe the impacts of socioeconomic development,
urbanization, and flood control capability changes. Includ-
ing flood protection mechanisms and urbanization in 𝑅-𝐷

functions is novel and can indicate resilience changes. In
this paper, mathematical methods and integrated models
based on GIS were combined to construct 𝑅-𝐷 function
curves.They can be utilized for flood damage assessment and
prediction.The chain reaction associatedwith a flood disaster
was analyzed, and the mutability feature of flood damage was
summarized.TheTaihu Basin in Chinawas taken as the study
area. Several S-shaped functions were selected to construct
the 𝑅-𝐷 functions, which can be used for rational strategy
development.

2. Methods and Materials

2.1. The Study Area. The Taihu Basin, which is located in the
estuary areas of the Yangtze and Qiantang Rivers, is one of
the most important economic regions in China (Figure 1).
The Taihu Basin has developed rapidly due to its various
advantages, such as high agricultural production, a developed
industry, a stable economic base, and a dense population.
Because the basin is a phialiform region with a lower center
and surrounding highlands, it is prone to serious flood
disasters caused by plum rains, typhoons, and storm surges.
Features of flood risk in the Taihu Basin are very sensitive
to both climate changes and rapid urbanization [25]. The
influence of urbanization is discussed in this paper.

Urbanized areas in the Taihu Basin increased by over
four times from 1995 to 2010. Meanwhile, the cultivated
area decreased by nearly 40 percent, and the population
increased by 3.65 million in the past 10 years (Figure 2).
The most serious flood disasters in the Taihu Basin occurred
in 1954, 1991, and 1999. Since then, various flood control
mechanisms have been built, such as dikes, sluices, polders,
and pump stations. The evolutionary trends and key features
of flood risk have changed in the urbanized basin. The main
factors are rainfall, urbanization, and socioeconomic and
flood control mechanisms.

2.2. Procedure. The flood risk assessment framework is
adopted in this paper from the China/UK scientific coopera-
tion project “China-UKScenarioAnalysis Technology for River
Basin Flood Risk Management in the Taihu Basin” [26]. The
methodology contains a number of steps (Figure 3).

(1) Hydrological Data Collection and Frequency Analysis. The
analysis results are used as inputs for hydraulicmodelling and
𝑅-𝐷modelling.

(2) Climate Input Analysis. The hydrological system is sim-
ulated using the distributed hydrological models. A variable
infiltration capacity (VIC) model is used to model fluvial
inflows, and the Soil Conservation Service Curve Number
(SCS CN) method is applied to determine direct rainfall
inputs [27].

(3) Broad-Scale Hydraulic Analysis. A hydrodynamic model
(ISIS) is used to model the movements of water through the
network of channels and flood storage cells in the basin [28].

(4) Economic Prediction. Future climate scenarios are gen-
erated using the Providing Regional Climates for Impacts
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Figure 1: The location of the Taihu Basin.
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Figure 2: Changes in land use types from 2000 to 2010 in the Taihu Basin [23].

Studies (PRECIS) regional climate model. The downscaling
method is used to predict economic factors. Details can be
found in Penning-Rowsell et al. [29]. The economic index
is predicted based on the population, economy, agricultural
land, economic structure, urbanization rate, family proper-
ties, and so forth.

(5) Flood Damage Assessments. The Taihu Basin Risk Assess-
ment System (TBRAS) risk analysis model is established to
model inundation depths in the flood cells and calculate
associated economic damage [30].

(6) Flood Damage Function Construction. The simulation
results of flood damage assessment modelling are taken as
samples to construct the flood 𝑅-𝐷 functions.

2.3. Data. Data were acquired from the China/UK scientific
cooperation project. The 30-day design rainfalls with fre-
quencies of 0.001, 0.002, 0.005, 0.01, 0.02, and 0.05 were used
as flood hazard data. Socioeconomic and land use changes
are considered in the future scenario. Societal development
is established based on the statistical downscaling method
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Figure 3: Basic framework of flood risk analysis [24].

according to the IPCC A2 emission scenario. The develop-
ment of the world is uneven, and regional characteristics
are enhanced. The economy develops at a medium speed.
The population continues to grow. However, the agricultural
land use pattern shows a rapid decline. The current data and
predicted population and GDP results are shown in Table 1.

The hydrological model, hydrodynamic model, and flood
loss assessment model were validated.Themost serious flood
disasters in the Taihu Basin occurred in 1991 and 1999. The
surveyed flood damage cases were 141 million CNY in 1999.
The scale of Taihu Basin flood in 1999 is over 100 years.
According to studies by Liu et al. [27] and Wicks et al.
[28], the hydrology-hydraulics model was evaluated against
observations from 1999. The simulation results of flood
damage are shown in Table 2. The simulated 100-year and
200-year flood damage cases in 1999 were 104million and 176
million, respectively. The simulation value and survey value
are of the same order of magnitude. With the consideration
of uneven distributions of rainfall in time and space, the
assessment of the flood return period may not be entirely
consistent with the actual situation. However, the damage
assessment results are reliable and can be utilized as samples
for 𝑅-𝐷 function construction.

2.4. Characterizing Urbanized Area Floods. With basin
urbanization, the flood risk shows new characteristics. In
rural areas, the main economic losses associated with flood
disasters are agricultural losses, and the affected area is equal
to the inundated area. However, in urban areas, the economic

Table 1: Predicted results of GDP and population.

1999 2005 2020 A2 2030 A2 2050 A2
GDP (100
million CNY) 10768 20216 38946 62008 108131

Population
(million) 44.71 47.14 54.07 58.87 68.46

Table 2: Simulation results of flooddamage (unit: 100millionCNY).

Return
period
(years)

Flood
frequency 1999 2005 2030 A2 2050 A2

1000 0.001 312.0 457.3 1003.5 1556.3
500 0.002 291.0 427 939.09 1455.5
200 0.005 176.0 259.1 575.8 904.7
100 0.01 104.0 161.7 365.5 578
50 0.02 65.0 85.4 239.3 381.7
20 0.05 35.0 56.2 129.3 206.8
10 0.1 12.0 21.8 52.9 86.9
2 0.5 0.55 0.90 1.8 2.87

losses are much higher, and the affected area is much larger
than the inundated area. The indirect economic loss is even
more than the direct economic loss. To reduce the flood
risk in modern society effectively, the formationmechanisms
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of flood-induced chain reactions and mutability must be
researched intensively.

2.4.1. Chain Reaction of an Urban Flood Disaster. The chain
reaction associated with a flood disaster is a series of lifeline
system damage cases or failures that occur at the same
time or in succession. After the key systems suffer damage
due to flooding, the chain reaction forms, and the flood
damage expands sharply. Lifeline systems include types of
infrastructures that maintain normal operation in modern
cities, such as traffic, communication, internet, water supply,
power supply, gas supply, waste disposal, sewage treatment,
and drainage systems. For example, during the “Beijing 21
July” urban storm event in 2012, some drainage pumps
stopped running due to power system damage, and the
waterlogged roads led to traffic gridlock.Themost vulnerable
systems can be identified and better protected through chain
reaction analyses. Power supply systems may be the most
vulnerable systems, and key facilities must be moved from
low-lying areas to higher elevations or protected by special
measures according to the risk analysis. Meanwhile, key link
nodes can be found and cut off to stop further extension of the
flood damage. After the drainage pump stations stop working
due to power outages, the anticipatory standby generators
or circuits for pumping stations can be started promptly to
ensure normal operation of drainage systems during storm
events. Flood chain reactions include both positive and neg-
ative feedback between floods and lifeline systems. Making
full use of the negative feedback, we can minimize costs
to obtain larger benefits of flood prevention. Furthermore,
city landscapes and sports venues can be designed as parts
of the flood regulation system with temporary rain storage
functions.

2.4.2. Mutability of Urban Flood Damage. The mutability
of flood damage is a phenomenon that occurs when the
flood damage suddenly increases near a certain frequency
or return period of a flood. In Beijing, the direct economic
loss associated with flood disasters from 2006 to 2008 was
about 20 million CNY.The flood disaster loss of the “23 June
2011” rainstorm was 13.83 billion CNY. The flood disaster
loss of the “21 July 2012” rainstorm surged to 162.15 billion
CNY.Themaximumpoint rainfall in Beijing citywas 460mm
(nearly a 500-year rainfall event), and the mean areal rainfall
was 170mm. The maximum point rainfall in the urban
center was 328mm (nearly a 100-year rainfall event), and the
mean areal rainfall was 215mm. The main rivers in Beijing
are “protected” by 50-year to 100-year levees. According to
the data, the flood disaster loss increased sharply in 2012,
which proves the existence of mutability of urban flood
damage. Within the flood control capacity, flood risk can
be reduced effectively and the flood alleviation benefits are
significant. After the flood magnitude exceeds the flood
control standard, the loss will sharply increase and exhibit
features of mutability. It is difficult to meet the increasing
demand for flood control solely based on structuralmeasures.
Appropriate nonstructuralmeasures provide sound strategies
for sustainable development. Through studying the mutabil-
ity phenomenon, the critical flood frequency or return period
can be determined and used to classify the disaster grades.

2.5. The Construction of Flood Damage Functions

2.5.1. The Definition of Flood Risk Functions and Parameters.
In recent years, a widely accepted concept in flood risk studies
has been termed expected annual damage (EAD) [31–33]. It
can be expressed as follows:

Risk = ∫
1

0

𝐷(𝑝) 𝑑𝑝, (1)

where 𝐷 is the damage of a given flood event and 𝑝 is the
probability of this flood event within a year.

The return period 𝑅 is used instead of probability 𝑝 and
𝑝 = 1/𝑅. The risk can then be expressed as follows:

Risk = ∫
∞

0

𝐷 (𝑅) 𝑑𝑅. (2)

𝐷(𝑅) can be expressed as an S-shaped function according
to the analysis above. 𝑅 is an independent variable, and 𝐷
is a dependent variable. A typical S-shaped function has
three parameters.These parameters should describe the chain
reaction and mutability features in an urbanized basin. The
following assumptions are made. (1) The maximum value
of flood damage 𝐴 is associated with the socioeconomic
indexes. (2) The abscissa of the inflection point is defined
as the critical return period 𝑅

𝑐
, which is associated with

the integrated flood control standard. (3) The slope of
the function curve can be adjusted by the integrated loss
coefficient 𝑘, which is associated with the flood vulnerability
indexes.

2.5.2.TheDeterminationMethods of Parameters. As shown in
Figure 4, the flood 𝑅-𝐷 function curve is S-shaped.The char-
acteristics of the 𝐷(𝑅) function are summarized as follows.
(1)𝐷(𝑅)monotonically increases. (2)The curve contains two
key points: A and B. Point A is called the damage-arising
point, and a rainfall event can lead to flood damage after point
A. Point B is called the damage-ceasing point, when flood
damage gradually approaches an extremum value. (3) Point
C is the inflexion point, at which the rate of change in damage
begins to decline. It is also called the damage transition point.
These three points divide theD

2
(R) curve into four parts that

can be used to determine standard grades of flood disaster
damage.The four grades are small, medium, large, and larger.

Their corresponding values can be determined using
function derivatives. Line 𝑑𝐷(𝑅)/𝑑𝑅 and line 𝑑𝐷2(𝑅)/𝑑𝑅2
are the first and second derivative curves of𝐷(𝑅), respectively
(Figure 5). The first derivative function indicates that the
slope of the flood damage curve is highest when 𝑅 = 𝑅

𝑐
.

Point A and point B are the extreme points based on the slope
change of curve, that is, the extreme points of the second
derivative of the𝐷(𝑅) function.

The maximum value of flood damage 𝐴, critical return
period 𝑅

𝑐
, and integrated loss coefficient 𝑘 are the three main

parameters, which can be determined through experience,
experimental simulations, or curve fitting. Historical data or
simulation data can be utilized for curve fitting.Mathematical
statistical analysis tools can be used to determine the values
of the parameters and draw diagrams of𝑅-𝐷 function curves.
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Some commonly used tools include Origin, SPSS (Statistical
Product and Service Solutions), and the MATLAB Curve
Fitting Toolbox.

2.6. Conceptual Model. According to the chain reaction and
mutability analysis of urban flood, 𝑅-𝐷 function varia-
tions are caused by socioeconomic, flood control capability,
and flood vulnerability changes. Hence, four scenarios are
assumed according to the impact factors.

Scenario 1 (undeveloped basin). The relationship between
flood or rainfall return period and flood damage in an unde-
veloped state is illustrated by the black line. With increases in
water depth and inundated area, the flood damage increases.

Scenario 2 (developed basin). Due to socioeconomic growth,
the flood damage in a developed basin is larger than that in an
undeveloped basin. The 𝑅-𝐷 function curve shifts upward.
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Figure 6: Conceptual 𝑅-𝐷 function curves.

Scenario 3 (protected basin). To prevent flood disasters,
a flood control system is built. Within the flood control
standard, the flood damage decreases significantly. The slope
of the curve reaches a maximum value when the return
period of the flood is near the flood control standard.

Scenario 4 (further developed and protected basin). With
further improvement of the flood control standard and
socioeconomic factors, the 𝑅-𝐷 function curve will shift to
the upper right, as demonstrated by the red line in Figure 6.

2.7. Function Selection. In practice, some commonly used
S-shaped curves are summed, such as the logistic curve,
Gompertz curve, and Richards curve. According to the
conceptual analysis of the flood𝑅-𝐷 function, three S-shaped
functions with three parameters were selected.The functions
are the Gompertz function, logistics function, and hyperbolic
tangent function.

(1) Gompertz Function. Consider

𝐷 = 𝐴𝑒
−𝑒
−𝑘(𝑅−𝑅

𝑐

)

. (3)

In (3), 𝐷 is the flood damage, 𝑅 is the return period of
the flood, 𝐴 is the maximum damage, 𝑅

𝑐
is the critical

period, and 𝑘 is the integrated loss coefficient. The function
characteristics are as follows: the minimum value is zero, the
maximum value is 𝐴, the abscissa of the critical point is 𝑅

𝑐
,

and the maximum slope is 𝐴𝑘/𝑒.

(2) Logistics Function. Consider

𝐷 =
𝐴

1 + 𝑒−𝑘(𝑅−𝑅𝑐)
. (4)

The function characteristics are as follows: the minimum
value is zero, the maximum value is 𝐴, the abscissa of the
critical point is 𝑅

𝑐
, and the maximum slope is 𝐴𝑘/𝑒.
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Table 3: Function fitting results in 1999.

Function Parameter Value Standard
error

Adj.
𝑅-squared

Gompertz
𝐴 (100 million) 306.08 11.86

0.99𝑅
𝑐
(year) 120.53 11.33
𝑘 0.0088 0.0011

Logistics
𝐴 (100 million) 301.30 14.86

0.97𝑅
𝑐
(year) 166.59 16.93
𝑘 0.015 0.0025

Hyperbolic
tangent

𝐴 (100 million) 301.31 14.86
0.97𝑅

𝑐
(year) 166.62 16.93
𝑘 0.0074 0.0013

Table 4: Function fitting results in 2005.

Function Parameter Value Standard
error

Adj.
𝑅-squared

Gompertz
𝐴 (100 million) 448.20 17.19

0.99𝑅
𝑐
(year) 118.46 11.076
𝑘 0.0088 0.0011

Logistics
𝐴 (100 million) 441.53 21.90

0.97𝑅
𝑐
(year) 164.58 16.91
𝑘 0.015 0.0025

Hyperbolic
tangent

𝐴 (100 million) 441.56 21.90
0.97𝑅

𝑐
(year) 164.63 16.91
𝑘 0.0074 0.0013

(3) Hyperbolic Tangent Function. Consider

𝐷 =
𝐴

2
(
𝑒
2𝑘(𝑅−𝑅

𝑐

) − 1

𝑒2𝑘(𝑅−𝑅𝑐) + 1
+ 1) . (5)

The function characteristics are as follows: the minimum
value is zero, the maximum value is 𝐴, the abscissa of the
critical point is 𝑅

𝑐
, and the maximum slope is 𝐴𝑘/2.

3. Results and Discussion

3.1. Results of Status Scenarios. Data from 1999 and 2005
were used as a basic sample, and the fitting results of three
functions are shown in Tables 3 and 4. The parameter
values and standard errors of the logistics and hyperbolic
tangent functions are almost the same. The maximum flood
damage 𝐴 values in 1999 and 2005 were 301 and 442 billion
CNY, respectively. The standard errors of 𝐴 in 1999 and
2005 were 14.86 and 21.90, respectively. The average critical
return period is approximately 165.61 years. The ordinate
of the inflection point is 𝐴/2, and the growth process is
symmetrical. However, there is no such characteristic in the
Gompertz function. The maximum flood damage 𝐴 values
are 306 and 448 billion, the standard errors of𝐴 are 11.86 and
17.19, and the average critical return period is approximately
120 years. The maximum flood damage 𝐴 is larger, but its
standard error is smaller than others, and themaximumflood
damage 𝐴 is much closer to the flood damage of a 1000-year
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Figure 7: Gompertz function fitting results in 1999 and 2005.

flood. The adjusted 𝑅2 is particularly useful in the feature
selection stage of model building. The closer this value is to
one, the better the model fit is. The Gompertz function best
reflects flood damage compared to the estimates of the other
functions. Therefore, the Gompertz function is selected for
future scenario fitting. The fitting results of the Gompertz
function are shown in Figure 7.

The most serious flood disasters in the Taihu Basin
occurred in 1991 and 1999. The surveyed flood damage cases
were 113 and 141 million. The maximum 30 d rainfall in 1991
was 502mm, which is nearly equivalent to an 80-year return
period flood. The average areal rainfall in 1999 over various
characteristic periods (7 d, 30 d, 60 d, and 90 d) was close to
or over the 100-year level [34]. The 𝑅-𝐷 curve of the Taihu
Basin in 1999 is shown in Figure 7. The 100-year and 200-
year flood damage cases in 1999 simulated by the 𝑅-𝐷 curve
are 112 million and 183 million, respectively. The simulated
and surveyed values of flood damage are of the same order
of magnitude. Due to uneven distributions of rainfall in
time and space, the estimated rainfall return periods are
very different. The flood 𝑅-𝐷 curve is reliable for damage
assessment.

3.2. Results of Future Scenarios. The Gompertz function is
chosen for flood damage prediction. According to the fitting
results of the Gompertz function, the mean value of the
critical return period 𝑅

𝑐
is 119.5 years, and the result is

rounded up to 120 years. The mean value of the integrated
loss rate 𝑘 is 0.0088. The linear relationship between GDP
and flood damage is established based on a 1000-year return
period. The values of maximum flood damage 𝐴 are shown
in Table 5. The Gompertz function fitting result of future
scenarios is shown in Figure 8. The curve fitting results and
example data match well. The flood 𝑅-𝐷 models of 2030
and 2050 based on the Gompertz function exhibit good
agreement with the mutability of flood damage in highly
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Table 5:The values of the maximum flood damage 𝐴 (100 million).

Year 1999 2005 2030 A2 2050 A2
𝐴 306 448 980 1566

urbanized basinswhen the scale of a flood exceeds the defense
capability.

3.3. Discussion. Themost serious flood disasters in the Taihu
Basin occurred in 1954, 1991, and 1999. These flood events
weremainly caused by plum rains. According to the statistical
data associated with plum rains in Taihu basin from 1954
to 2009, the average onset and end dates of plum rains are
15 June and 8 July, respectively. Thus, 30 days is chosen as
the characteristic period in this study. With the extension of
the characteristic period, the total rainfall increases. Thus,
the flood damage also increases. If the characteristic period
increases (e.g., 3 d, 7 d, 60 d, or 90 d), the function curve will
shift upward; however, the overall shape of the function will
not change. In the Taihu Basin, the characteristic period of
30 days approximates the average period of the plum rain
season. It is suitable for flood damage assessment in large-
scale basins.

The evolutionary trends of flood risk in urbanized basins
change. Flood damage assessments should describe the
impacts of socioeconomic development, urbanization, and
flood control capability improvements. 𝑅-𝐷 function curves
are used as effective evaluation methods for flood damage
assessment and prediction. Compared with mathematical
evaluation methods, 𝑅-𝐷 functions do not require many
historical flood disaster data. The data used to construct
𝑅-𝐷 functions are the simulation results of flood damage
assessment models based on GIS. Flood 𝑅-𝐷 functions
can convert these discrete points into continuity equations.
Assessment and prediction of flood damage for any flood
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Figure 9: The impact of economic development.

return period can be quickly acquired by consulting figures.
The applicability is more extended than those in previous
studies. It can be utilized to estimate urbanization impacts
and alleviation benefits.

3.3.1. The Evolutionary Trends of Future Flood Risk. Accord-
ing to the results of future scenarios, 𝑅-𝐷 functions can
demonstrate the evolutionary tendencies of flood risk due
to economic growth. The maximum flood damage 𝐴 is
related to GDP. The flood damage function curve in 1999 is
taken as inherent characteristic curve S1, for which 𝐷

1
(𝑅) =

306𝑒−𝑒
−0.0088(𝑅−120)

. The flood damage function curve in 2005 is
taken as economic development curve S2, for which𝐷

2
(𝑅) =

448𝑒−𝑒
−0.0088(𝑅−120)

. The maximum flood damage 𝐴 increases
from 306 to 448 million CNY. The impact of economic
development can be computed by finding the difference
between the S2 and S1 integral areas, which is shown as the
shaded area in Figure 9. Due to urbanization and economic
development, the flood risk increases by 46.6% from 1999 to
2005 in the Taihu Basin, and it will increase by 59.8% from
2030 to 2050.The impact of increased economic development
on flood risk will increase in the future.

Flood control capability development curve S3 is given
by 𝐷
3
(𝑅) = 448𝑒−𝑒

−0.0088(𝑅−240)

. It is assumed that the flood
control standard has improved. The critical return period 𝑅

𝑐

increases from 120 to 240 years. The benefits of flood control
mechanisms can be expressed as the difference between the
S2 and S3 integral areas, which is shown as the shaded area in
Figure 10. If the flood control standard increases by a factor
of two, the flood risk will decrease by 14.54%.

Flood vulnerability change curve S4 is given by 𝐷
4
(𝑅) =

448𝑒−𝑒
−0.0176(𝑅−240)

. The integrated loss coefficient 𝑘 increases
from 0.009 to 0.018. The intersection point of S3 and S4 is
(𝑅
𝑖
, 𝐷
𝑖
). When 0 < 𝑅 < 𝑅

𝑖
, the flood damage decreases.

When 𝑅 > 𝑅
𝑖
, the flood damage increases. With changes in
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Figure 10: The impact of flood control capability development.
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Figure 11: The impact of flood vulnerability change.

flood vulnerability, the flood risk shifts from shaded area 1 to
shaded area 2, which is shown in Figure 11:

𝐼decrease =
∫
𝑅
𝑖

0

𝐷
3
(𝑅) − 𝐷

4
(𝑅) 𝑑𝑅

∫
𝑅
𝑖

0

𝐷
3
(𝑅) 𝑑𝑅

= 48.1%,

𝐼increase =
∫
1000

𝑅
𝑖

𝐷
4
(𝑅) − 𝐷

3
(𝑅) 𝑑𝑅

∫
1000

𝑅
𝑖

𝐷
3
(𝑅) 𝑑𝑅

= 6.7%.

(6)

3.3.2. The Index of Urban Flood Control Management. As
shown in Figure 12, 𝐷

2
(𝑅) is the function curve of 2005.

𝐷
2
(𝑅) and 𝐷(2)

2
(𝑅) are the first and second derivative curves

of the flood 𝑅-𝐷 function, respectively, and the parameters
are 𝑅A = 10 years, 𝑅C = 120 years, and 𝑅B = 230 years. Point
A is the damage-arising point, point B is the damage-ceasing

0 200

I
II
III
IV

400 600 800 1000

0

100

200

300

400

500

Point B

Point C

Fl
oo

d 
da

m
ag

e (
10

0 
m

ill
io

n 
CN

Y)

Flood return period (year)

Point A
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

−0.006
−0.004
−0.002
0.000
0.002
0.004
0.006
0.008
0.010
0.012

D2(R)

D

2(R)

D
(2)
2
(R)

Figure 12: The turning points and derivative curves of the 𝑅-𝐷
function (2005). Labels “I, II, III, and IV” represent four grades of
flood damage: small, medium, large, and larger, respectively. They
correspond with Figure 4 and Table 6.

point, and point C is the damage transition point.These three
points divide the𝐷

2
(𝑅) curve into four parts that can be used

to determine standard grades of flood disaster damage. The
four grades are I small, II medium, III large, and IV larger.
Flood grade division can be utilized to develop flood control
standards and flood control planning.

Damage transition point C corresponds to parameter
𝑅
𝑐
(critical return period), which is associated with the

integrated flood defense capability or flood control standard
of the basin. Resistance is related to the system’s ability to
prevent floods, while resilience determines the ease with
which the system recovers from floods [35].Thus, the demar-
cation line of these two processes is the integrated standard of
flood control mechanisms or flood defense capability.Within
the defense standard, the flood control mechanisms operate
well. Resistance strategies are aimed at flood prevention.
When the flood scale exceeds the defense capability, the
situation becomes out of control.The resilience strategy aims
tominimize the flood impacts and enhance the recovery from
those impacts. Different strategies are designed for different
grades of flood hazards (Table 6).

4. Conclusion

China is in a stage of rapid urbanization and has huge poten-
tial for economic growth. Because the pressure associated
with flood risk caused by urbanization is still increasing,
flood risk management must be reconsidered. The S-shaped
function of the flood return period and damage can describe
the impacts of socioeconomic development, urbanization
degree, and flood control capability improvements very well.
Themain advantage of this model is that its application is not
restricted by the scale of the study area. It can be utilized for
flood damage assessment and prediction. Three conclusions
can be drawn from this research.

(1) Due to urbanization and economic development, the
flood risk increased by 46.6% from 1999 to 2005 in the Taihu
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Table 6: The grades of flood hazards and main strategies.

Grade Return period Flood damage Turning point Physical meaning Main strategy
I 0 < 𝑅 ⩽ 𝑅A Small Point A Damage-arising point

Resistance strategy
II 𝑅A < 𝑅 ⩽ 𝑅C Medium Point A Damage-arising point

Point C Damage transition point

III 𝑅A < 𝑅 ⩽ 𝑅B Large Point C Damage transition point
Resilience strategyPoint B Damage-ceasing point

V 𝑅 ⩾ 𝑅B Larger Point B Damage-ceasing point

Basin, and it will increase by 59.8% from 2030 to 2050. The
impact of increased economic development on flood risk
will increase in the future. When the flood control standard
increased by a factor of two in 2005, the flood risk decreased
by 14.54%. It is difficult to meet the increasing demand for
flood control solely using structural measures. If the flood
vulnerability changes, the flood risk will not increase but will
transfer. A flood vulnerability method should be provided to
effectively decrease the flood risk in future studies.

(2) The turning points of 𝑅-𝐷 functions provide an
important basis for flood risk management. The critical
return period 𝑅

𝑐
is 120 years in the Taihu Basin. It describes

the composite flood control standard. This paper discusses
the damage transition point as the boundary between the
resistance strategy and resilience strategy in flood risk man-
agement systems.

(3) The model accuracy can be improved by verifying
more data. Considering the limitations of historical flood
data, only the 1999 Taihu Basin flood was used to verify the
simulation models. The relationship between the maximum
flood damage 𝐴 and socioeconomic development has been
proven. In the future, the relationships between other param-
eters and meaningful statistical data should be verified. In
addition, accurate simulations of flood control mechanisms
should be provided using hydraulic models, and reasonable
assessment indexes of flood control capability and flood
vulnerability should be created.The rationality of parameters
𝑅
𝑐
and 𝑘 will be verified in further studies.
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