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Abstract: Waterlogging disasters cause huge loss of life and property damage every year. In this
research, a Copula-based optimization method is proposed to solve the problems in bivariate design
of urban stormwater and drainage systems resulting from ignorance of precipitation temporal
dependence and discrepancy between different design codes. Optimized design combinations of
stormwater and drainage systems conditioned on given Kendall bivariate return periods or return
periods of either system can be obtained using the optimization method for the case study of
Zhongshan and Zhuhai. Results show that the temporal dependencies between precipitation series
with different durations should be carefully considered, which can be sufficiently described by
Copula functions. Based on the optimized design combinations, it is found that the planned return
periods of stormwater systems in Sponge City Plans are underestimated for both Zhongshan and
Zhuhai, which restricts the full use of the drainage systems. According to the optimized results,
the planned return periods of stormwater systems in Zhongshan (Zhuhai) should be adjusted to
8.04 a (6.76 a) for the downtown area and 6.52 a (5.59 a) for other areas, conditioned on the planned
return periods for P,41, in Sponge City Plans. The proposed optimization method provides a useful
approach for the bivariate design of stormwater and drainage systems. The results of this research
can give stakeholders references in compiling engineering plans for urban waterlogging prevention
and help better balance the conflicts between waterlogging safety and economic efficiency.

Keywords: bivariate design optimization; stormwater system; drainage system; copula; waterlog-
ging prevention

1. Introduction

According to the “China Statistical Yearbook 2021” [1], China’s urban population
reached 914.23 million at the end of 2021. The urbanization rate increased from 17.92% in
1978, when the reform and opening up started, to 64.72% in 2021, with the ever-increasing
possibility of and damage from urban waterlogging disasters. According to a survey in
2010 by the Ministry of Housing and Urban-Rural Development of the People’s Republic
of China (PRC), 213 cities among the 351 cities investigated suffered from waterlogging
disasters from 2008 to 2010 and 137 cities experienced more than three waterlogging
disasters, indicating a severe need for urban waterlogging prevention in China. During the
past decade, waterlogging disasters caused huge economic and life losses in China. The
super storm event occurring on 21 July 2012 in Beijing caused 79 deaths and great economic
loss, and the city’s traffic network was affected for several days, which resulted in great
attention being paid to urban waterlogging disasters by the public and stakeholders. With
the impact of the El Nifio event in 2016, 192 cities in mainland China suffered waterlogging
disasters, including regional capital cities along the Yangtze River, such as Wuhan and
Nanjing. In addition, the waterlogging disaster caused by an extreme heavy rainstorm
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in Handan city, Hebei province, on 18 July 2016, resulted in 114 deaths and 111 residents
missing, and the super storm disaster occurring on 20 July 2021 in Zhengzhou city, Henan
province, took 380 lives (The State Council of PRC, 2022) [2]. In response to these urban
waterlogging disasters, the State Council issued several policies on improving the capacity
of urban infrastructure in 2013, pointing out the urgent need of optimizing urban drainage
systems within the next decade. In 2015 and 2016, a total of 30 cities were selected as
pilot projects, or sponge cities, to promote related technologies and explore approaches to
prevent urban waterlogging disasters. Thus, the role of urban drainage management and
disaster prevention is becoming more and more important and is attracting much attention
from researchers [3-5].

Design codes of stormwater and drainage systems are a vital basis for sponge city
construction, because they directly determine the city’s security capability for waterlogging
prevention. However, the drainage systems and stormwater systems in China have long
been governed by different departments and obey different design codes [6], resulting in
management chaos and incoordination of construction scales. As part of urban wastewater
engineering [7], urban stormwater systems are mainly managed by municipal departments
and are expected to collect stormwater converged from small areas like streets, parks,
business zones and residential districts. Urban drainage systems are mainly managed by
water conservancy departments and are responsible for passing stormwater gathering in
the stormwater system from the whole city to outer river channels. As shown in Figure 1,
when a storm event occurs, the stormwater is first converged into water pipes through
gutters, rain grates and rain wells and then transported to inner river channels or drainage
pipes of the drainage system, either by gravity or second-stage pumps. After this, the
drainage system drains off the stormwater into outer river channels, lakes or seas with the
help of gravity and first-stage pumping stations.
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Figure 1. Diagram of urban stormwater system and drainage system.

Since the stormwater system is designed to cope with a relatively small water volume,
its design scale usually focuses on peak flow, produced from short-duration precipitation,
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i.e., design 1 h precipitation (Pyy,) in the Code for design of outdoor wastewater engineering
(GB50014-2021) [7]. In contrast, the drainage system focuses on water volume rather than
peak flow, since it deals with stormwater generated in the whole city. Hence, the design
scale of the drainage system is using long-duration precipitation, i.e., design 6 h~24 h
precipitation (Pgp~Py41) in the Code for design of urban flood control project (GB/T 50805-
2012) [8] and the Standard for waterlogging control (SL 723-2016) [9]. The Code for design of
urban flood control project points out that the capability of the drainage system should care-
fully consider the scale of urban wastewater engineering, including wastewater systems
and stormwater systems. The Standard for waterlogging control also notes that the drainage
system design should consider the short-duration precipitation used for stormwater sys-
tem design and the capability of the stormwater system. However, there is no definite
guidance for coherent design of the two systems in current codes. The discrepancies in
management modes and design codes of urban stormwater and drainage systems can lead
to hydraulic and municipal engineers confusing the stormwater and drainage design codes
in practice [10]. In addition, the inherent temporal dependence between precipitations with
different durations for different system design works is also ignored. As a result, the design
combination of urban stormwater and drainage systems usually lacks coordination, which
can be divided into the following situations: (1) when a storm event occurs, the stormwater
system of each small zone can successfully transport stormwater through pipes and gutters,
while the drainage system cannot handle the huge stormwater volume; in this case, the
water level of the inner river channel will rise, making it hard for stormwater systems to
pass stormwater, since the hydraulic slopes decrease and the outlets of pipes or gutters may
be submerged by the inner river. In this case, a waterlogging disaster takes place in the city.
(2) In another situation, the drainage system is oversized, and the stormwater passed by the
stormwater systems of the whole city can successfully be drained into outer rivers, lakes
or seas; thus, waterlogging disasters may not happen. Certain capabilities of the drainage
system will never be used, which means the investment in the drainage system is excessive.

Intuitively, the security capability for urban waterlogging prevention can be strength-
ened by increasing the construction scale of either the stormwater system or drainage
system, while a series of constraint factors like land condition, existing or planned build-
ings, topography and financial budgets limit the infinite promotion of system construction
scales. Thus stakeholders tend to seek help from design combination optimization methods
to balance the contradiction between waterlogging risk and investment budgets. The scope
of design combination optimization is to determine the most suitable construction scales
of urban stormwater and drainage systems under certain criteria and ensure coordination
of the design scales. To this end, the lack of coordination throughout the design processes
of stormwater and drainage systems should be explored; this mainly comes from two
aspects. First, during the precipitation data sampling process, the Annual Multi-Sampling
(AMS) method is recommended for stormwater systems while the Annual Maximum
(AM) method is used for drainage systems, as ruled by each system’s respective design
codes [7-9]. Hereafter in this paper, the default sampling method is AM, unless AMS is
marked. Deng et al. [11] established the conversion formula between return periods (RP)
calculated with AMS and AM methods, and revealed that for RPs less than 20 years, the
design results obtained with AMS and AM methods have significant differences. The
research of many others also presents similar conclusions [12-14]. Second, there remains
the problem of how to consider the temporal dependence structure of different precipi-
tation series in system design. Zhang et al. [12] derived the coordination relationship of
stormwater and drainage systems based on Chicago rain patterns and statistical methods.
Their results show that in order to cope with a storm of a certain magnitude, the design RP
of drainage is about five times that of the stormwater system. Li and Xu [15] noticed that
one of the most important problems leading to waterlogging disasters is that the drainage
system fails to drain stormwater into outer river channels, and the stormwater system then
cannot pass the stormwater fluently due to the backwater effect by high water levels of the
inner river channel. They also discuss how to optimize the combination of stormwater and
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drainage system design standards. Chen et al. [16] proposed to establish a coordination
relationship between stormwater and drainage systems with the help of the Storm Water
Management Model (SWMM). Design storm processes with different durations were used
as SWMM inputs. By matching the peak flow of the simulation stormflow hydrographs,
the coordinate relationship between stormwater and drainage systems were described
quantitatively. Yang et al. [17] calculated the risk rates of different design combinations
of stormwater and drainage systems based on Bayesian theory. They found that in order
to reduce investment and ensure waterlogging prevention capability at the same time,
the multivariate risk rates should be appropriate to the design standard of drainage sys-
tems rather than stormwater systems. Chen et al. [18] used Copula theory to describe
the temporal dependence between different precipitation series and obtained optimized
design RPs of stormwater and drainage systems. However, the criterion for optimizing
design combinations is not clear in previous studies. Most of the research fails to consider
the problems of discrepancy in design codes and neglects temporal dependence, thus
lacking practicability.

On the basis of the previous works, this research intends to propose a method for
the bivariate design of urban stormwater systems and drainage systems and address the
design incoordination caused by independent design processes and different design codes.
Figure 2 shows the flowchart of the proposed method. First, marginal distributions of
precipitation series with different durations are fitted. Then, joint distribution is established
based on Copula theory to describe the temporal dependence between precipitation series
with different durations. Subsequently, the design combination of urban stormwater and
drainage systems is optimized under the Most-Likely Estimation (MLE) criterion. Two
cities vulnerable to urban waterlogging disasters, i.e., Zhongshan and Zhuhai in South
China, were selected to demonstrate the design combination optimization method. The
remainder of this paper is as follows. Section 2 introduces the main methodologies used
in this research. Section 3 provides information about the study area and data. Section 4
displays results and discussion, and Section 5 gives the main conclusions of this research.
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Figure 2. Flowchart of design combination optimization for urban stormwater and drainage systems.
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2. Methodology
2.1. Copula Theory

Copula is a cluster of functions that connects multivariate probability distribution
to one-dimensional marginal distributions [19]; it has been widely used in the fields of
hydrology and risk analysis [20-27]. Conventional parametric multivariate probability
distributions have many limitations, such as the assumption of a linear relation between the
variables involved and that all the variables must follow the same marginal distribution [28],
which restrict their application in hydrology field. A common adaptation is first conducting
Gaussian transformation to variables and then using multi-dimensional normal distribution
to describe the dependence structure of the transformed variables; however, this will not
always work and may introduce additional errors during the transformation and reversion
processes [29]. In comparison, the Copula function gives flexibility in choosing arbitrary
marginal distributions and Copula joint functions.

According to Sklar’s theorem [30], the multivariate cumulative distribution function
(CDF) can be obtained in terms of the marginal distributions of the variables and the
associated dependence function:

Hn(xl,xz,. . .,xn) = Cn(P1<X1), Fz(Xz),. . .,Fn(xn)) (1)

where Hy(x1,%2,...,x,) = P(X1 < x1, X2 < x2,..., X, < xp) denotes the n-dimensional
CDFof X;,i=1,2, ... ,n; Fi(x;) denotes the marginal CDF of X;, i =1,2, ... ,n; C4(-) denotes
the Copula function, which is uniquely selected whenever F;(x;) are continuous and should
be able to capture the essential features of the dependence structure of the random variables.

To describe the correlation structures between precipitation series with different dura-
tions, e.g., P1, and Py,1, a bivariate Copula is sufficient, which can be expressed as

H(x,y) = C(u,v) = C(Fx(x), Fy (y)) @

where X denotes precipitation with short duration and Y denotes precipitation with long
duration; u = Fx(x) and v = Fy(y) denote the marginal CDF of x and y, respectively.

It is obvious from the expression of Copula in Equations (1) and (2) that the construc-
tion of multivariate CDF can be divided into two separate steps, i.e., (1) determining the
marginal probability distribution of each variable and (2) selecting the Copula joint function
for dependence structure. According to the regulation for calculating the flood design
of water resources and hydropower projects (SL44-2006) [31], the Pearson Type-III (P3)
distribution is recommended for precipitation series. In addition, the Generalized Extreme
Value (GEV) and Log-Normal (LN) distributions are also widely used as precipitation
probability distribution in many works [32-35]. Thus P3, GEV and LN distributions are
selected as marginal distribution candidates for precipitation series in this study. Table 1
provides information on these distributions. For the Copula joint function, the three most
widely used one-parameter Archimedean Copula distributions include the Gumbel, Frank
and Clayton copulas [30]; these are selected as candidates. These three copulas can describe
a wide range of hydrologic processes and are used in many relevant works [29,36-39].
Information on these copulas and their parameter 6 estimated by the Kendall correlation
coefficient T are listed in Table 2. 7 is estimated using the following formula:

2

TS T o o Yoy sign | (xi = xj) (vi — ;)] ®)

where 7 is the length of X and Y; sign (-) is a symbolic function, which is 1 when its argument
is positive, 0 when its argument is 0 and —1 when its argument is negative.



Water 2022, 14,1717 6 of 22
Table 1. Brief information on probabilistic distributions for precipitation records.
Distribution CDF Parameters
X (Iny— 2
LN F(ng):{xglznexp( (r;;”) ,x>0 Mo
X B
P3 F(X < x) = [ 5 (x = a0)" " exp(—B(x —a0)), x > ag ao, &, p
a0
—u\11/¢
oxp{ - [1-¢ (1))} e 2o
GEV F(X <x)= p{ [ ( 7 >] u o, &
X—HU
exp[— exp(%)}, =0
Table 2. Different Copula functions from Archimedean family.
Copula Generator CDF * Parameter Range Parameter Estimation An#
Gumbel (—Inx)° exp{i[(*lnu)ewL(*lnv)e]lw} [1,00) T=1-1/6 2—21/8
Clayton x 01 (u,e Lot 1)“" (0, 00) T=0/(0+2) 0
Frank —In 8—79,«_1 1 Inl1 (679“71)({3’9”71) R\{O} A1 T :t 0
(etu) gIn |1+ 1+§[§f0 spm-14t —1

* 11 and v denote the marginal CDF of X and Y, respectively. # A" is the upper tail dependence coefficient of the
Copula function.

Though Copula theory has been used in many fields of hydrology, there are very
few applications in the coordinate design combination of urban stormwater and drainage
systems, with the exceptions of Chen et al. [18] and Wang et al. [40]. Chen et al. [18]
proposed a method based on Copula to derive a proper design combination of stormwater
and drainage systems. However, their research ignored the fact that different Copula
joint functions are suitable for different dependence structures due to their tail features,
which can significantly affect the design values of long RPs. In addition, in practice, the
determination of the security capability against urban waterlogging is usually officially
dominated by a single department, which means if the water conservancy department is
dominant, the drainage system design standard is determined first, and the stormwater
system design standard is determined based on this. This highlights the importance
of deriving sufficient conditional design values, which is not discussed in the work of
Chen et al. [18]. Wang et al. [40] constructed a 3D Copula-based model to evaluate the
rationality of rainfall spatial distribution in Tai Lake Basin. However, their research failed
to propose objective criteria for optimizing the rationality of the design schemes, which
restricts its application.

2.2. Goodness-of-Fit Evaluation

Goodness-of-fit evaluation is necessary for determining marginal distributions. Rele-
vant research have proven that no single indicator can give objective evaluation results;
thus, different test criteria are used in this paper. Root mean square error (RMSE) is amongst
the most popular and useful goodness-of-fit statistics [41], which can be expressed as

RMSE = \/ %Zle (Fi - E)2 @)

where F; and F; denote the theoretical and empirical CDF values of the ith sample, respec-
tively, i =1,2, ... ,n; nis the data length. The RMSE is a negative-oriented indicator, which
means a smaller RMSE indicates better distribution fitness. The RMSE of CDF ranges from
Oto1.
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The empirical CDFs of marginal distribution in Equation (4) can be calculated using
the expectation formula, as follows:

. Lt I(xi > %))

F(x;) = T arl ®)
where I (+) is the indicator function; when the condition inside the brackets is satisfied its
value is 1, otherwise it is 0.

The Kolmogorov-Smirnov (KS) test is a non-parametric goodness-of-fit method that
can be applied to determine whether data samples X follow the hypothesized, continuous,
cumulative distribution function [36]. The KS test static D,, is the maximum absolute differ-
ence between the empirical distribution and the hypothesized probability distribution [42]
and can be expressed as

D,, = max|F,(x) — F(x)| (6)

where F,(x) is the empirical distribution function of data samples, which can be estimated
by Equation (5); F(x) is the hypothesized distribution or theoretical distribution. The
distribution leading to the smallest D, is preferred.
Given the significance level «, the critical value Dy, , for the KS test can be obtained.
The KS test determines whether the hypothesized distribution is accepted by comparing
Dy and Dy, . When Dj, is smaller than or equal to Dj, 4, then the hypothesized distribution
cannot be rejected. Otherwise, the hypothesized distribution is rejected by the KS test. In
this research, the significance level « is set to be 10%; thus, D, , can be estimated by the
following equation:
Dy 109 = 1.22 35 (7)
1n,10% Nk n>
The Akaike Information Criterion statistic AIC [43] not only considers the goodness-
of-fit but also avoids overfitting and unreliability with too many model parameters. It
has been widely applied in distribution goodness-of-fit evaluation [19,44-46]. AIC can be
expressed as follows [36]:
AIC = nIn(MSE) + 2k (8)

1 N2
MSE=—Y, (Fi - Fi) )

where 1 is the data length; k is the number of distribution parameters, which is 1 for
one-parameter Archimedean copula functions. The distribution leading to the minimum
AIC value should be selected.

2.3. Bivariate Return Period

The traditional definition of RP is “the average time elapsing between two successive
realizations of a prescribed event”, which is widely used and accepted in the hydrology field
for the identification of dangerous events and gives reference for formulating prevention
strategies [47,48]. As for bivariate cases, the RP of a critical event should be defined
considering both variables, which is specifically referred as the Bivariate Return Period
(BRP) [49]. The “OR” return period (BRPpgr) and “AND” return period (BRPnp) are the
most widely used definitions for BRP, which can be expressed with the help of the Copula
distribution, as follows:

(1) BRPogr: X > xorY >y, ie., one of the components exceeds the design thresholds.

1
1— C(Fx(x), Fy(y))

BRPog = (10)

(2) BRPsgnp: X > xand Y > y, i.e, all of the components exceed the design thresholds.

1

BRPanDp = 1— Fx(x) — Fy(y) + C(Fx(x), Fy(y))

(11)



Water 2022, 14, 1717

8 of 22

Recently, some researchers have indicated that BRPpor and BRP np have inherent
shortages. As demonstrated by Salvadori et al. [50], these two BRPs are incoherent tools for
dealing with multivariate RPs, since different design combinations that have the same joint
probability lead to different subcritical or safe areas, which is incorrect from the perspective
of measurement theory. They proposed to bypass the inconsistency problem with Kendall’s
measure K¢ and Kendall’s Return Period (BRPx), which is defined as follows:

Kelt) = P(C(Fe(x) Fr() < 1) = 1= 410 1)
RPy = 1—11<c(t) (13)

where f is the Copula joint CDF value; ¢(-) is the Copula generator, which varies with
different Copula joint functions, as shown in Table 2.

2.4. Design Combination Optimization Method

The design combination optimization of urban stormwater and drainage systems is
a multivariate design problem. Since the combinations of variables leading to same joint
probability are countless, the selection of design combination is usually subjective [5,18,47].
Chebana and Ouarda [51] pointed out that the different likelihood of each combination
makes it possible to identify the most appropriate design result, which provides a principle
for multivariate design combination optimization. Therefore, the Most-Likely Estimation
(MLE) method is used to optimize the design combinations of urban stormwater and
drainage systems [47,52]. The essence of the MLE method is straightforward in that the
multivariate design realization that satisfies the artificial demands of stakeholders and
has the largest joint probability density should be selected. The MLE method can provide
a useful approach for multivariate design because it avoids arbitrary selection, which
strongly relies on the designer’s experience and satisfies the instinctive need in design
work that the most possible and risky event should be the focus.

The wo design processes that are most widely applied for urban stormwater and
drainage systems have different optimization schemes. For scheme one, both the stormwa-
ter and drainage systems have generally equal importance. The overall waterlogging
prevention capability of the city is determined first, in the form of multivariate RP. For
scheme two, either the stormwater system or drainage system is more important than the
other in the stakeholder’s mind. In this case, first, the design scale of the more concerned
system is determined according to its design code. Subsequently, the design scale of the
other system is optimized under the condition of the former system scale using the MLE
method. The specific steps of design combination optimization schemes for both cases are
given in detail as follows.

Scheme one: Supposing the security capability for urban waterlogging prevention is
once-in-n-years, all the possible design combinations (x*, y*) of stormwater and drainage
systems that have joint probability contributing to the given BRP can be derived by solving
the following equation:

BRP(C(Fx(x), Fy(y))) =n (14)

where BRP (-) is the BRP function with joint probability as input, which varies with the
BRP type as illustrated in Section 2.3; C (-) is the Copula joint CDF of X and Y.
Subsequently, the design combination is optimally selected by MLE method. That
is, the design combination (x*,y*) having the largest joint probability density should
be selected:
(%, y*) = argmaxc(Fx(x"), Fr (")) (15)



Water 2022, 14, 1717

9 of 22

Scheme two: When either the stormwater system or drainage system is more con-
cerned, e.g., the design RP of stormwater system is set to be once-in-n-years, the conditional
probability density of drainage system design precipitation x can be expressed as

£(2]*) = e(Bx(x), B (v*)) - ful) (16)

where y* is the design precipitation of the stormwater system with an n-year RP. Based
on the MLE method, the design precipitation of the drainage system x* can be optimally
selected as follows:

x* = argmaxf (x’y#) (17)

The design precipitation of stormwater system y* conditioned on certain design
precipitation of drainage system x* can be analogously obtained when the drainage system
is more concerned.

3. Study Area and Data
3.1. Study Area

Zhongshan and Zhuhai, located in the Pearl River Delta area in South China, were
selected as the study areas of this research; they are displayed in Figure 3 with a topology
layer. Both cities are listed in the Outline Development Plan for the Guangdong-Hongkong-
Macao Greater Bay Area [53] as important hub cities and thus have significant strategic
roles in China. Zhongshan and Zhuhai are economically developed regions, with a total
population of 4.41 million and 2.44 million at the end of 2021, respectively. The land areas
of Zhongshan and Zhuhai are 1784 km? and 1736 km?, respectively. Both cities have long
suffered from waterlogging disasters at the cost of huge economic loss, social unsteadiness
and casualties. The origins of waterlogging in Zhongshan and Zhuhai are comprehensive.
From a meteorological perspective, storm events occur frequently in the study area. Take
Zhuhai as an example, its annual average wet days are over 130 days, and the rainfall of
the flood season (April and May) accounts for more than 30%, with frequent high-intensity
and short-duration storm events. Moreover, when storm events encounter floods from
the upper Pearl River basin or high tide at the estuary, the lockup effect due to high water
levels of the river channels makes it difficult for drainage and leads to waterlogging. The
relative low elevation of the study areas strengthens the possibility of the lockup effect and
puts forward higher requirements for stormwater and drainage systems. In addition, rapid
urbanization has changed the characteristics of runoff and confluence in the study areas,
where rainfall now yields more runoff and stormwater converges faster than before, which
increases the potential hazard of waterlogging disasters. In order to handle the increasing
waterlogging risks, sustainable urban drainage systems (SUDS) have been developed to
store, attenuate and treat surface water through infiltration processes and thus can help
reduce surface runoff and urban flooding. SUDS have provided sufficient tools for urban
waterlogging prevention and have had successful applications in many cities [54-56].

The existing stormwater and drainage systems of Zhongshan and Zhuhai were con-
structed in last century. With the reconstruction projects during recent years, the wastewa-
ter engineering in the two cities generally works in separate modes, i.e., stormwater and
wastewater are collected by different sewer systems. The stormwater passing through
stormwater systems is transported through inner river channels to the Xijiang River, to the
mainstream of the Pearl River, and finally flows into the South China Sea. However, due
to rapid urbanization, climate change and aging of the systems, the security capability for
waterlogging prevention of the two cities can no longer meet the demands under current
conditions. Recently, the governments of Zhongshan and Zhuhai realized that the back-
ward stormwater and drainage systems have hindered urban sustainable development
and published plans for urban waterlogging prevention in 2015, which propose to make
comprehensive use of engineering and non-engineering measures to solve the waterlogging
problem, with construction and improvement of stormwater and drainage systems listed
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as key tasks. Design combinations of urban stormwater and drainage systems are very im-
portant parameters for determining system construction scales and thus must be carefully
considered. Therefore, the proposed optimization method is applied in Zhongshan and
Zhuhai. Based on the optimization results, rationality analysis is conducted to validate the
planned design RPs for the Sponge City Plans of both cities.

)
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Figure 3. Geographical location of study areas.

3.2. Data and Sampling Method

The raw data used in this research include hourly precipitation series of Zhongshan
and Zhuhai rain stations from 1962 to 2010. The data are provided by the Pearl River Water
Resources Commission (PRWRC) and have gone through strict quality control procedures.

According to the design codes, when rain record length exceeds 20 years, the AM
method is recommended for data sampling. In this research, annual maximum 1 h precipi-
tation (i.e., P1 ) samples were used to derive the design standard of the stormwater system,
and the corresponding maximum 6 h, 12 h and 24 h precipitation (i.e., Pgp, P1on and Ppyp)
samples from the same storm events of P, were used to derive the design standard of the
drainage system. The rationality that precipitation samples with different durations should
come from the same storm events is that temporal dependence structure is vital for the
design combination of stormwater and drainage systems. The temporal distributions of
precipitation samples are shown in Figure 4. It can be seen from Figure 4 that extreme storm
events have occurred occasionally since the 1960s. The extreme storm events of the two
cities are intuitively asynchronous, despite the two cities being geographically proximal.
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Figure 4. Temporal distributions of AM precipitation samples.

4. Result Analysis
4.1. Marginal Distribution

Table 3 shows the fitting results of different evaluation indicators, and Figure 5 shows
the Q-Q plots of different marginal distributions. It can be seen from Table 3 that at the
10% significance level, all three alternative distributions pass the KS test, since their D,
values are smaller than the given threshold. Furthermore, based on the analysis of RMSE
and AIC, the GEV distribution was found to have the smallest RMSE and AIC values for
Zhongshan, while the LN distribution had the smallest RMSE and AIC values for Zhuhai
station. Therefore, GEV distribution and LN distribution were selected to fit the marginal
distributions of precipitation series in Zhongshan and Zhubhai station, respectively. It is
worth noting that the P3 distribution recommended by the design codes does not have the
best performance for either meteorological station.

Table 3. Marginal distribution goodness-of-fit evaluation results.

KS Test
City Variable Distribution Estimated Parameters RMSE Accept AIC
Dy Dyo,10% or Not
P3 ap =21.0,a = 4.39,8 = 0.157 0.0298 0.056 Vv —349
Pin GEV ¢ =0.069, u = 11.23,0 = 43.12 0.0269 0.054 4 —360
LN u=3.854,0= 0.270 0.0274 0.062 Vv —357
P3 ayg = 364, = 0.956, p = 0.0197 0.0522 0.116 4 —292
Pen GEV ¢ = —0.400, u = 21.88,0 = 60.36 0.0327 0.075 Vv —340
Zhongshan LN u=4.320,0= 0471 0.0623 0.143 12 _ 174 4 —277
P3 ag = 40.3,« = 0.814, 8 = 0.0151 0.0458 0.103 \/?n =49) V4 —305
Pion GEV ¢ =—0452,u =2471,0 = 64.26 0.0307 0.067 Vv —346
LN y=4.403,0= 0.503 0.0558 0.124 4 —288
P3 ag =484, a = 0.605, p = 0.0094 0.0573 0.118 Vv —283
Poyn GEV ¢ =—0469,u =30.87,0 = 73.09 0.0223 0.055 4 —379
LN yu=4.550,0= 0.556 0.0596 0.121 Vv —282
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Table 3. Cont.
KS Test
City Variable Distribution Estimated Parameters RMSE Accept AIC
Dyo Dayg 10% or Not
P3 ap = 265,04 =5.01,8 = 0.142 0.0258 0.060 \/ —349
Pin GEV & =0.0696,y = 11.23,0 = 43.12 0.0227 0.051 4 —362
LN u=4.092, 0= 0.252 0.0224 0.050 4 —364
P3 ap = 54.5,0 = 1.28, = 0.0176 0.0423 0.096 4 —301
Po1, GEV ¢ =0.0096, u = 11.23,0 = 43.12 0.0325 0.074 4 —327
Zhuhai LN u=4.735,0= 0471 0.0255 0.067 \/ —354
P3 ap = 63.8,a = 0.961, 8 = 0.0113 0.0512 0.140 4 —282
Pion GEV ¢ =0.0696,u = 11.23,0 = 43.12 0.0298 0.076 \/ —335
LN ji= 4.859,0= 0.538 0.0266  0.065 v —349
P3 ag =26.5,4 = 5.00, = 0.142 0.0426 0.120 Vv —300
Posn GEV ¢ =0.069, = 11.23,0 = 43.12 0.0350 0.074 4 —319
LN u=5.016, 0= 0.527 0.0320 0.073 \/ —331
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Figure 5. Q-Q plots of different marginal distributions and empirical distributions. (a-d) Zhongshan;
(e-h) Zhuhai.

4.2. Copula Joint Distribution

After the marginal distributions were fitted, the Copula bivariate functions between
Py 1, and the other three precipitation series (i.e., Pg 1, P12 1 and Py ) were constructed with
three different Archimedean Copulas. Table 4 shows the correlation coefficients between
the different precipitation series. The goodness-of-fit results of the Copula functions and
estimated Copula parameters are displayed in Table 5. The KS test results reveal that
Gumbel, Frank and Clayton Copula distributions cannot be rejected at the 10% significance
level for Py, Pgn, P12 n or Posp of the Zhongshan and Zhuhai stations.

As for the three goodness-of-fit statistics, the results in Table 4 show obvious inconsis-
tent evaluation performances for different Copula functions. The RMSE values indicate
that Frank (Frank), Clayton (Frank) and Frank (Gumbel) Copulas should be selected for
P11-6h, P1h121 and Py 194 bivariate distribution constructions for Zhongshan (Zhuhai),
respectively. While based on the KS statistic D, the results indicate that Clayton (Gumbel),
Clayton (Gumbel) and Clayton (Frank) Copulas should be selected for P1p-¢h, P1h~12h
and Pj -4 1, bivariate distribution constructions for Zhongshan (Zhuhai), respectively. The
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evaluation results of AIC are also different, which indicate that Frank (Frank), Clayton
(Gumbel) and Frank (Frank) Copula should be selected for Py ¢ n, P1h~12h and P1p-24n
bivariate distribution construction for Zhongshan (Zhuhai) city, respectively. In conclusion,
the evaluation statistics fail to distinguish the ability of describing dependence structures
using different Copula functions. Recently, Nguyen and Jayakumar [57] established a
method for bivariate Copula selection based on the tail dependence test. Their research
indicates that huge differences exist in the joint RP estimation using the families of extreme
value Copulas and no upper tail Copulas (e.g., Frank and Clayton) if there is asymptotic
dependence between the two variables. While Frank and Clayton Copula functions are
not able to describe upper tail dependence, the Gumbel Copula is an upper tail-dependent
Copula function. Considering the upper tail dependence structure is very important for
the design combination of urban stormwater and drainage systems, especially for large
RPs and sensitivity to high distribution quantiles, the Gumbel Copula was selected for
further investigation.

Table 4. Correlation coefficients between precipitation series with different durations.

City Linear Correlation Coefficient, p Kendall’s Rank Correlation Coefficient, T
Pyh~Pen P1h~P12n P1n~Pagn P1h~Pgn P1nh~P12n P1h~Pogn
Zhongshan 0.51 0.45 0.35 0.49 0.42 0.36
Zhuhai 0.73 0.61 0.55 0.48 0.41 0.32
Table 5. Fitting results of different marginal distributions.
. KS Test
s A
Dy, Dy 10%
or Not

Frank 5.465 0.0256  0.067 Vv —371
Pin~Pen Gumbel 1.962 0.0332  0.065 Vv —358
Clayton 1.081 0.0306  0.053 Vv —353
Frank 4.361 0.0332  0.089 Vv —344
Zhongshan(GEV) Py u~Pian Gumbel 1.731 0.0359  0.078 v —338
Clayton 0.872 0.0322  0.060 v —347
Frank 3.476 0.0238  0.068 Vv —378
P1n~Posny Gumbel 1.551 0.0294  0.088 N4 —366
Clayton 0.687 00267 0061 7 =0174 v —366
Frank 5.325 0.0276  0.079 (n =49) J  —349
Pin~Pen Gumbel 1.936 0.0295  0.061 Vv —348
Clayton 0.989 0.0301  0.077 N4 —340
Frank 4.213 0.0277  0.085 Vv —342
Zhuhai(LN) Pyp~Pion Gumbel 1.698 0.0294  0.065 Vv —343
Clayton 0.831 0.0334  0.081 N4 —339
Frank 3.376 0.0302  0.074 v —340
Pyp~Posny Gumbel 1.482 0.0291  0.078 Vv —330
Clayton 0.612 0.0323  0.088 Vv —333

Figure 6 displays the Q-Q plots of the Gumbel Copula CDF values and bivariate
empirical CDF values for P11, P1h~12h and P p-p41,. Ideally, the two CDF series will
be equal, and thus the Q-Q curves are 1:1 diagonal straight lines. The RMSE values of the
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Gumbel Copula in Table 5 are quite small and represent the deviation of Gumbel Copula
CDF curves from 1:1 line; thus, the constructed Copula distributions have good fitting
efficiencies. The results in Figure 6 also indicate that Q-Q curves are close to the diagonal
straight lines. It can be concluded that the Gumbel Copula distributions can well describe
the dependence structures of different precipitation combinations and provide the bases
for optimizing the design combinations of urban stormwater and drainage systems.
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Figure 6. Q-Q plots of empirical frequency and theoretical cdf values of Gumbel copula. (a—c) Zhong-
shan; (d—f) Zhuhai.

The bivariate Copula CDF and PDF plots are displayed in Figures 7 and 8, respectively.
It can be seen from Figure 7 that most of the samples fall on the Copula CDF surfaces,
indicating satisfactory fitting performances. Figure 8 shows that strong tail dependencies
exist, with sharp peaks at the tails of the Gumbel Copula PDF plots, which gives further
proof that the Gumbel Copula is suitable for stormwater and drainage system design
purposes. It is also observed from Figure 8 that a stronger correlation exists in high-value
parts than in low-value parts, which can better serve the purpose of system design where
extreme storms are a concern.

4.3. Design Combinations Optimized Using Copula-Based Method

BRP is used to describe the security capability of waterlogging prevention, i.e., the
overall capability of the stormwater and drainage systems, which directly affects the
design combination optimization results. Therefore, the three BRPs, including BRPsnp,
BRPor and BRPg, are discussed, with the results shown in Table 6. It can be seen from
Table 6 that when stormwater and drainage systems have the same design RPs, the three
BRPs are different from each other. Furthermore, it is observed that BRP4np is usually
the largest, while BRPop is the smallest, which can be explained by their definitions in
Equations (10) and (11). This phenomenon underlines the importance of choosing suitable
a BRP type for system design. According to Xu et al. [58], the BRPonp (BRPoR) will
lead to the enlargement (reduction) of safety domains, which limits the application range.
Figure 9 shows the safety domains generated by different BRPs. Taking BRPnp as an
example (Figure 9a), the two design combinations (x1, ¥1) and (xy, y2) have the same
joint probability C;. However, it can be observed from Figure 9 that the two different
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combinations contribute to different safety domains. That is, design combinations with
the same BRPnp or BRPog values will have different safety domains. Moreover, though
the rainfall event (x3, y3) has smaller joint probability C;, than (x1, y1) and (x2, y»), it is
located outside the safe domain of the design combination (x, 7). On the contrary, once
the Kendall BRP is given, all the possible design combinations will generate the same safety
domain. This is an important feature for bivariate system design, since stakeholders are
concerned with the uncertainty in practice and engineers also require clear definition for
management purposes. Therefore, the Kendall BRP is recommended for describing the
security capability of waterlogging prevention and the design combination optimization of

stormwater and drainage systems.
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Figure 7. Gumbel Copula CDF plots for different precipitation combinations. (a-c) for Zhongshan;
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Table 6. Different BRP results of design combinations of stormwater and drainage systems with

given marginal RPs.

Marginal RP of Stormwater System and Drainage System

City BRP Type Precipitation Combination
2a 3a 5a 10 a 20a 50 a 100 a
Pin~P¢n 2.88 4.86 8.95 19.36 40.31 103.31  208.35
BRPAND Pin~P1on 2.98 5.15 9.67 21.30 44.81 11559 233.64
Pin~Posn 3.14 5.60 10.91 24.85 53.33  139.38  283.02
P1n~Pen 2.33 3.87 7.08 15.33 32.00 8216  165.82
Zhongshan BRPg Pin~P1on 2.36 3.99 7.46 16.49 34.85 90.20  182.58
Pin~Posn 2.39 417 8.09 18.58 40.22  105.87 215.56
Pi1n~Pen 1.53 2.17 3.47 6.74 13.30 32.98 65.79
BRPoR Pin~P12n 1.50 2.12 3.37 6.53 12.87 31.90 63.61
Pin~Posn 1.47 2.05 3.24 6.26 12.31 30.46 60.73
Pi1n~Pgn 2.72 4.47 8.03 16.99 34.95 88.89  178.81
BRPAND Pin~P1on 291 4.95 9.16 19.92 41.61 106.82 215.57
Pin~Posn 3.06 5.38 10.28 23.01 48.87  126.84 256.94
Pi1n~Pgn 2.29 3.70 6.59 13.91 28.63 72.82  146.49
Zhuhai BRPg Pin~P12n 2.34 3.91 7.20 15.67 32.82 84.46  170.59
Pin~Posn 2.38 4.08 7.77 17.50 37.41 97.61 198.10
Pi1n~Pgn 1.58 2.26 3.63 7.09 14.01 34.78 69.41
BRPoRr Pin~P12n 1.52 2.15 3.44 6.68 13.16 32.64 65.10
Pin~Posn 1.48 2.08 3.30 6.39 12.57 31.14 62.08

1
0 u u
(a) AND BRP (b) OR BRP
1 Legend
egen
Vi ° design combination
(xl’yl) . . o . ops
(7 C bivariate joint probability

0 e u,Vv marginal probability

U
(c) Kendall BRP

Figure 9. Safety domains derived from different BRPs.

Optimized design precipitations of stormwater and drainage systems given different
BRPg values for Zhongshan and Zhubhai are listed in Table 7 using optimization Scheme
One. The corresponding marginal RPs of stormwater and drainage systems are shown
in Table 8. It can be seen from Table 8 that the optimized design RPs of both stormwater
and drainage systems are smaller than the corresponding BRPg. This is due to the rela-
tively strong correlations between precipitation series with different durations, as shown in
Table 4. When the BRP is set to be 100 a and P4, is used for drainage system design, the
optimized design RPs are 50 a and 66.67 a for the stormwater system and drainage system of
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Zhongshan, respectively. Table 8 shows that the optimized RP of the drainage system is gen-
erally larger than that of the stormwater system for both Zhongshan and Zhuhai, indicating
more attention should be paid to drainage systems since longer-duration precipitation
tends to have a larger RP than a shorter-duration one during the same storm event.

Table 7. Design combinations of stormwater and drainage systems with certain BRPs.

. Pin~Psn Pin~P1on Pin~Pasn
City BRPgl/a
Pq p/mm Pg ,/mm Py p/mm Pq5 p/mm Pq p/mm Pyy py/mm
2 45.26 65.52 4493 70.19 45.14 79.00
3 50.53 77.98 49.90 84.43 49.97 95.57
5 55.91 97.06 55.55 104.22 55.32 119.09
Zhongshan 10 62.94 127.61 62.79 136.84 61.65 162.62
20 69.90 164.67 69.37 182.88 67.45 227.89
50 77.62 243.53 77.62 270.71 75.78 340.31
100 82.39 364.66 82.39 398.05 81.48 477.11
2 57.45 107.57 57.45 118.97 56.94 140.39
3 63.81 129.39 62.99 149.11 63.03 168.16
5 70.72 155.50 70.06 180.33 69.22 204.63
Zhuhai 10 78.57 193.95 77.87 229.80 76.97 255.11
20 86.31 231.43 85.55 280.51 83.26 319.42
50 96.46 280.03 95.41 351.52 92.74 399.87
100 102.06 334.80 102.69 408.23 98.91 479.55
Table 8. Marginal RP of the optimal stormwater and drainage combination for BRPg.
P1h~Pgn P1n~P12n Pyn~Pyun
Clty BRPK Plh/a Pﬁh/a Plh/a Plzh/a Plh/a P24h/a
RP(AMS) RP(AM) RP(AM) RP(AMS) RP(AM) RP(AM) RP(AMS) RP(AM) RP(AM)
2a 1.07 1.78 1.82 1.03 1.75 1.82 1.06 1.77 1.77
3a 1.78 2.51 2.55 1.68 2.40 2.54 1.69 241 242
5a 2.77 3.80 413 2.69 3.69 3.89 2.64 3.62 3.62
Zhongshan 10 a 4.52 7.09 7.94 4.48 6.99 6.99 4.16 6.29 6.76
20a 6.83 14.08 14.93 6.63 13.34 13.33 5.95 10.98 13.70
50 a 10.13 32.25 40.00 10.13 32.25 32.26 9.27 26.31 32.26
100 a 12.59 55.58 111.11 12.59 55.58 76.92 12.10 50.00 66.67
2a 1.17 1.77 1.82 1.17 1.77 1.79 1.13 1.73 1.81
3a 1.76 2.50 2.54 1.68 2.38 2.54 1.68 2.39 2.39
5a 2.56 3.94 3.94 2.48 3.76 3.76 2.37 3.55 3.56
Zhuhai 10a 3.69 7.14 7.75 3.58 6.75 7.09 3.44 6.29 6.29
20 a 5.03 13.70 15.15 4.89 12.82 13.51 4.47 10.53 12.99
50 a 7.13 34.48 35.72 6.90 31.25 32.26 6.32 24.40 31.25
100 a 8.47 58.82 90.91 8.63 62.51 62.50 7.70 43.48 7143

In another case, the design RP of either the stormwater or drainage system is given,
and the design RP of the other is derived using optimization Scheme Two. Table 9 shows the
results of design precipitation and the RPs of drainage systems for Zhongshan and Zhuhai,
given certain design RPs of stormwater systems. It can be observed from Table 9 that the
optimized design Py, for the stormwater system has smaller RPs than that of the drainage
system, which is inconsistent with the results of Scheme One. For both Zhongshan and
Zhubhai, the stormwater system has the largest (smallest) design RPs, conditioned on given
RPs of Pg1, (P241)- This can be explained from the correlation coefficients in Table 4, where
P11, and Pg, have the largest correlation coefficients. When the RP of P11, is confirmed, Pgp,
has greater probability to have a closer RP to Py 1, than the others during the same storm
event. Based on the results in Table 9, the design combination of stormwater and drainage
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systems can be determined. For example, if the drainage system of Zhongshan is designed
to withstand once-in-100 a Py, 1, the optimized RP of the stormwater system should be
68.28 a, and the corresponding design Py 1, is 103.68 mm, which can provide quantitative
references for bivariate stormwater and drainage system design.

Table 9. Design RPs and precipitation for stormwater systems using MLE.

Gi Pgn Py Pian Py Pyn Pin
1y RP/a P/mm RP/a P/mm RP/a P/mm RP/a P/mm RP/a P/mm RP/a P/mm
2 69.00 1.89 46.31 2 74.11 1.86 46.03 2 85.43 1.81 45.62
3 84.15 2.65 51.33 3 91.81 2.52 50.64 3 107.77 2.38 49.81
5 105.32 417 57.06 5 117.30 3.89 56.21 5 140.25 3.53 55.02
Zhongshan 10 140.19 8.07 64.32 10 160.81 7.40 63.42 10 196.33 6.55 62.17
20 185.04 15.78 71.04 20 219.00 14.53 70.28 20 272.22 12.84 69.06
50 265.99 39.40 79.45 50 328.76 35.99 78.64 50 417.35 32.18 77.61
100 349.78 78.42 85.32 100 447.29 7213 84.62 100 576.15 64.06  83.69
2 113.86 1.90 58.93 2 128.86 1.86 58.51 2 150.79 1.82 58.01
3 139.46 2.66 64.82 3 162.44 2.53 64.03 3 189.18 2.34 62.72
5 169.23 4.16 71.58 5 202.61 3.88 70.57 5 234.87 3.40 68.67
Zhuhai 10 208.19 7.96 79.97 10 256.68 7.28 78.87 10 296.10 6.16 76.75
20 247.04 15.62 87.85 20 312.06 14.05 86.64 20 358.52 1191 84.73
50 299.49 38.40 97.60 50 388.80 34.61 96.53 50 444.65 29.25 94.79
100 340.52 76.00 104.72 100 450.19 68.28 103.68 100 513.28 5791  101.96
4.4. Rationality Analysis of Design Combinations in Sponge City Plans
In previous sponge city plans of Zhongshan and Zhuhai, the design RPs of the
stormwater system and drainage system were calculated independently (Table 10). The
stormwater system was designed by the municipal department and used AMS sampling.
The drainage system was designed by the water conservancy department and used AM
sampling. With the help of BRPk, the security capabilities of waterlogging prevention were
calculated, e.g., the BRPk with once-in-5 a P11, and once-in-30 a P15 j, is 19.7 a for downtown
area of Zhongshan. The BRPk makes it possible to compare the waterlogging prevention
capability among different regions. It was found that Zhuhai has higher waterlogging
prevention standards than Zhongshan in both the downtown area and other areas.
Table 10. Planned RP and BRPk of stormwater and drainage systems of Zhongshan and Zhuhai.
Planned RP in Sponge City Plan/a
City Region : BRPla
Stormwater System (AMS) Drainage System (AM)
P1n~Pen 18.0
Downtown Area 5 30 Pin~Pion 19.7
Pip~P 229
Zhongshan 1h~124h
& Py h~Pon 5.3
Other Areas 2 20 P1w~P1on 5.6
P1n~Pen 26,5
Downtown Area 5 50 Pin~Pion 315
. P1n~Poyn 36.7
Zhuhai Py n~Pn, 94
Other Areas 3 30 P1w~P1on 10.9

Py n~Poin 124

Furthermore, the optimized design RPs of stormwater systems conditioned on planned
RPs of drainage systems in Zhongshan and Zhuhai were derived. The results were used to
validate the rationality of design combinations in the Sponge City plans, which are listed in
Table 11. The results revealed that the planned RPs of stormwater systems in the two cities
were underestimated, e.g., the optimized RPs (AMS) of the stormwater system in the
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downtown area of Zhongshan should be 8.84 a, 8.49 a and 8.04 a for P; j, conditioned on the
once-in-30 a Pg, P12 and Pyg, of drainage system, respectively, which are larger than the
planned 5 a (AMS) RP in its sponge city plan. According to the results in Table 11, the design
RPs of stormwater and drainage systems were not coordinated, and it is recommended that
the planned RPs of stormwater systems in the downtown and other areas of Zhongshan
(Zhuhai) should be adjusted to 9 a (7 a) and 7 a (6 a), respectively, to make full use of the
construction scales of drainage systems.

Table 11. Optimized design RPs for stormwater system conditioned on given RP of drainage system.

Pgn Pin Pipn Pin Pagn Pin
City RP/a P/mm (IZPI\/;) (I.:Il)\f[aS) P/mm RP/a P/mm (I;I;\//[a) (lzllzlas) P/mm RP/a P/mm ill://;; (I;ll’\flas) P/mm
2 69.00 1.89 1.19 46.31 2 74.11 1.86 1.16 46.03 2 85.43 1.81 1.11 45.62
3 84.15 2.65 1.90 51.33 3 91.81 2.52 1.79 50.64 3 107.77 2.38 1.66 49.81
5 105.32 4.17 3.02 57.06 5 117.30 3.89 2.83 56.21 5 140.25 3.53 2.58 55.02
Zhongshan 10 140.19 8.07 493 64.32 10 160.81 7.40 4.66 63.42 10 196.33 6.55 4.30 62.17
20 185.04 15.78 7.27 71.04 20 219.00 14.53 6.98 70.28 20 27222 12.84 6.52 69.06
30 217.33  23.65 8.84 74.81 30 262.14 21.69 8.49 74.02 30 32898 19.28 8.04 72.94
50 265.99  39.40 11.04  79.45 50 328.76 35.99 10.63 78.64 50 417.35 32.18 10.13  77.61
100 349.78  78.42 1427  85.32 100 44729 7213 13.86 84.62 100 576.15 64.06 1332  83.69
2 113.86 1.90 1.30 58.93 2 128.86 1.86 1.26 58.51 2 150.79 1.82 1.22 58.01
3 139.46 2.66 1.87 64.82 3 162.44 2.53 1.78 64.03 3 189.18 2.34 1.65 62.72
5 169.23 416 2.67 71.58 5 202.61 3.88 2.54 70.57 5 234.87 340 2.31 68.67
. 10 208.19 7.96 391 79.97 10 256.68 7.28 3.74 78.87 10 296.10 6.16 341 76.75
Zhuhai 20 247.04  15.62 5.32 87.85 20 312.06 14.05 5.09 86.64 20 358.52 11.91 4.74 84.73
30 270.04 2322 6.20 92.19 30 345.46 21.00 5.98 91.13 30 396.04 17.69 5.59 89.22
50 299.49  38.40 7.40 97.60 50 388.80 34.61 7.15 96.53 50 44465 29.25 6.76 94.79
100 34052  76.00 9.15 104.72 100 450.19 68.28 8.88 103.68 100 513.28 5791 8.45 101.96

5. Conclusions

Under the background of fast urbanization, economic growth and climate change,
waterlogging prevention is a growing concern for city governors, which highlights the
importance of stormwater and drainage systems. Due to the management fragmentation
of urban stormwater and drainage systems, their design return periods (RPs) are usually
derived independently, obeying different design codes, which ignores the correlation
between precipitation series with different durations used for system design and results in
incoordination between the two systems. In this study, a copula-based optimization method
for the bivariate design of stormwater and drainage systems is proposed and validated
in Zhongshan and Zhuhai, which can help stakeholders make decisions on construction
standards for stormwater and drainage systems. The main conclusions of this research are
as follows.

(1) The dependencies between precipitations with different durations must be considered,
which can be sufficiently described by Copula functions. The Gumbel Copula dis-
tributions for Py ,~Pg 1, P1 n~P12 n and P1 p~Pp4 1, of Zhongshan and Zhuhai stations
have good performance on RMSE, AIC, k-s test and Q-Q plot, indicating the Copula
CDFs are approximate to the empirical CDFs.

(2) The Kendall BRP (BRP) is recommended for describing the overall security capability
of urban stormwater and drainage systems instead of the conventional BRP4np or
BRPop, due to its advantage of precisely defining the safety domain. By using the
Kendall BRP, the waterlogging prevention capability among different regions or
designs can be accurately compared.

(3) The optimization method proposed in this research can provide a sufficient approach
for the bivariate design of stormwater and drainage systems. Optimized design
combinations of the systems can be derived by both schemes from the perspective
of risk control. Stakeholders can either pay more attention to the overall security
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capability of the whole system or the security capability of either the stormwater or
drainage system.

(4) Based on the optimized design combinations of stormwater and drainage systems,
rationality analysis was conducted on the Sponge City plans of Zhongshan and Zhuhai.
Results show that the design RPs of stormwater systems are generally underestimated
for both cities and thus should be adjusted to make full use of the construction scales
of drainage systems. The optimization method for the bivariate design of stormwater
and drainage systems can help balance the conflicts between economic efficiency and
drainage safety.
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