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had a significant influence on the compound flood risk. The 
proposed framework is effective in the evaluation and pre-
diction of flood risk in coastal cities, and the results provide 
some guidance for urban disaster prevention and mitigation.
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1 Introduction

Floods are one of the most frequent natural hazards around 
the world, and cause significant damage to human lives and 
properties (Didovets et al. 2019; Hu et al. 2021; Tellman 
et al. 2021). Coastal cities are more vulnerable to floods 
due to the concentration of population and property, and 
flood events are more frequently occurring in coastal cities 
owing to the compound effects of precipitation and storm 
tides (Shen et al. 2019). In this study, compound floods 
refer to the simultaneous occurrence of precipitation and 
storm tides and the complex interplay of which leads to or 
exacerbates their impacts in coastal regions. Compared with 
floods caused by a single driver, compound floods are usu-
ally expected to result in more severe damage and greater 
impacts. For instance, typhoon Rammasun attacked Haikou, 
China, and brought heavy precipitation and high tides with 
daily precipitation of 509.2 mm and maximum storm tide 
of 3.83 m on 18 July 2014 and resulted in severe floods, and 
more than 800,000 people were affected. According to the 
Sixth Assessment Report of the Intergovernmental Panel on 
Climate Change (IPCC), sea-level rise and extreme precipi-
tation exhibit an increasing trend in the changing environ-
ment, which directly impact the compound flood risk for 
coastal cities (Almar et al. 2021).

Abstract In the context of climate change, coastal cit-
ies are at increased risk of extreme precipitation and sea 
level rise, and their interaction will aggravate coastal floods. 
Understanding the potential change of compound floods is 
valuable for flood risk reduction. In this study, an integrated 
approach coupling the hydrological model and copula-
based design of precipitation and storm tides was proposed 
to assess the compound flood risk in a coastal city—Hai-
kou, China. The copula model, most-likely weight function, 
and varying parameter distribution were used to obtain the 
combined design values of precipitation and storm tides 
under the nonstationary scenario, which were applied to the 
boundary conditions of the 1D-2D hydrological model. Sub-
sequently, the change of the bivariate return periods, design 
values, and compound flood risks of precipitation and storm 
tides were investigated. The results show that the bivariate 
return period of precipitation and storm tides was reduced 
by an average of 34% under the nonstationary scenario. The 
maximum inundation areas and volumes were increased by 
an average of 31.1% and 45.9% respectively in comparison 
with the stationary scenario. Furthermore, we identified that 
the compound effects of precipitation and storm tides would 
have a greater influence on the flood risk when the bivariate 
return period is more than 50 years, and the peak time lag 
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Many scholars have investigated the compound floods 
caused by precipitation and storm tides based on statistical 
analysis and hydrological model. For statistical analysis, pre-
vious studies have evaluated the dependence and compound 
risk of precipitation and storm tides by copulas (Lian et al. 
2013; Moftakhari et al. 2017; Xu et al. 2019; Santos et al. 
2021), Bayesian networks (Couasnon et al. 2018), bivari-
ate logistic threshold-excess model (Zheng et al. 2013), and 
other statistical methods such as threshold excess, point pro-
cess, and conditional methods (Zheng et al. 2014). For exam-
ple, Xu et al. (2019) adopted copula functions to explore 
the bivariate return period (RP) and failure probability of 
compound precipitation-storm tide events. Couasnon et al. 
(2018) proved that considering the compound effect through 
building a copula-based Bayesian network was crucial for 
flood risk assessment in coastal cities. Numerous statistical 
analyses have reported the significant correlations between 
precipitation and storm tides at different spatial scales, such 
as global (Ward et al. 2018; Lai et al. 2021; Nicholls et al. 
2021), continental (Bevacqua et al. 2019), national (Zheng 
et al. 2013; Wahl et al. 2015; Wu et al. 2018; Fang et al. 
2021), and local (Svensson and Jones 2002; Svensson and 
Jones 2004; Lian et al. 2013; Zheng et al. 2014; Bengtsson 
2016; Zellou and Rahali 2019), and flood risks would be 
severely underestimated if the dependence is ignored (Zheng 
et al. 2014; Xu et al. 2019). These studies mainly focused on 
the dependence, joint probability, and return period analyses, 
but have not directly given the inundation risk of compound 
floods, which could provide richer information for disaster 
risk reduction.

In recent years, increasingly more scholars have applied 
hydrological models to assess compound flood risks of 
coastal cities under different precipitation-storm tide com-
binations (Bass and Bedient 2018; Bilskie and Hagen 2018; 
Kumbier et  al. 2018; Mohanty et  al. 2020; Hsiao et  al. 
2021; Wang et al. 2021). Kumbier et al. (2018) investigated 
the compound flood risk in an estuary of Australia by the 
Delft3D hydrodynamic model, and found that the inunda-
tion area would be underestimated by 30% and the average 
inundation depth would be underestimated by 0.34 m if the 
combined effect was not considered. Hsiao et al. (2021) built 
a coastal flooding model by coupling SCHISM and COS-
Flow models, and pointed out that the maximum inundation 
area would increase 70% as a result of the combined effect of 
precipitation and storm tides for a 50-year flood in the coast 
of Taiwan Island. These studies can provide more practical 
information (for example, inundation areas, inundation vol-
umes, and so on) for compound flood management.

However, there are still some challenges for compound 
flood analysis. First, hydrological models are a useful tool 
for evaluating compound flood risk, but they usually take 
specific frequency precipitation (for example, RP = 50 
years) and specific storm tides (for example, multi-year 

average value) as the boundary conditions (Lian et al. 
2017; Shen et al. 2019; Mohanty et al. 2020; Hsiao et al. 
2021) instead of the combined design values of precipi-
tation and storm tides, thus ignoring correlations and 
joint distribution characteristics between precipitation 
and storm tides, which may not provide a comprehensive 
understanding of the compound flood risk. Second, the 
nonstationary scenario of precipitation and storm tides 
can aggravate the inundation risk of compound floods, but 
few studies have focused on the change of bivariate RPs, 
design values, and compound flood risk of precipitation 
and storm tides under the nonstationary scenario. Under-
standing the potential variability of compound floods is 
valuable for deciding whether further assessment of disas-
ter risks is needed. Therefore, tackling these challenges is 
meaningful for accurately quantifying and understanding 
the potential impacts of compound floods under the non-
stationary scenario.

In this study, we proposed an integrated framework for 
evaluating compound flood risks by coupling a hydrological 
model and copula-based design of precipitation and storm 
tides for coastal cities. The 1D-2D hydrological model is 
established by Personal Computer Storm Water Manage-
ment Model (PCSWMM). The combined design values 
of precipitation and storm tides are obtained by the vary-
ing parameter distribution (VPD) model, copula model, 
and most-likely weight function under the nonstationary 
scenario. The remaining part of the article is organized as 
follows: Sect. 2 presents materials and methods, including 
copula-based design method of precipitation and storm tides, 
urban hydrological models, and a description of the case 
study. The change of compound flooding risk under nonsta-
tionary scenario is reported and discussed in Sect. 3. Finally, 
conclusion is provided in Sect. 4.

2  Materials and Methods

This section introduces the integrated method based on the 
copula-based design of precipitation and storm tides and a 
1D-2D hydrological model for evaluating compound flood 
risks, and the proposed method is applied in a coastal city—
Haikou, China.

2.1  Copula‑Based Design of Precipitation and Storm 
Tides under the Nonstationary Scenario

In this study, the copula model, most-likely weight func-
tion, and varying parameter distribution are used to obtain 
the combined design values of precipitation and storm tides 
under the nonstationary scenario.
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2.1.1  Bivariate Copula Models of Precipitation and Storm 
Tides

Copula functions can well depict the dependence structure 
between variables, and are not restricted by types of marginal 
distributions. Thus, it is widely used in multivariate analysis. 
In this study, the joint distribution of precipitation and storm 
tides is established by copula functions. According to Sklar 
theorem (Sklar 1959), if the marginal distributions u = F(H) 
and v = F(Z) are continuous, the copula model C(u, v) can be 
described as follows.

where F(H) and F(Z) are marginal distributions of precipita-
tion and storm tides, respectively; and H and Z are variables 
of precipitation and storm tides, respectively.

In this study, marginal distributions of precipitation and 
storm tides are fitted by six univariate functions (that is, Log-
normal, Normal, Weibull, Gamma, GEV, and Gumbel func-
tions). The joint distribution is established based on three 
Archimedean copulas (Table 1). The parameters of marginal 
and joint distribution functions are estimated through the 
maximum likelihood method (Prescott and Walden 1980). The 
goodness of fit is tested by the Kolmogorov–Smirnov (K–S) 
test, and the ordinary least squares criteria (OLS) is used to 
select the best-fit function (Xu et al. 2019).

Three bivariate RPs of precipitation and storm tides, that is 
Kendall RP (Tk), co-occurrence RP ( T∩ ), and joint RP ( T∪ ), are 
analyzed under the changing environment and stationary sce-
nario. T∩ , T∪ , and Tk are described as follows (Xu et al. 2019).

(1)F(H, Z) = C(u, v) = C(F(H),F(Z))

(2)

T∩ =
1

P∩(h, z)
=

1

P((H > h) ∩ (Z > z))
=

1

1 − FH(h) − FZ(z) + F(h, z)

(3)T∪ =
1

P∪(h, z)
=

1

P((H > h) ∪ (Z > z))
=

1

1 − F(h, z)

(4)Tk =
1

P[C(u, v) > p]
=

1

1 − Kc(p)

where Kc(p) is the Kendall distribution function (Genest 
et al. 2006); p ∈ (0, 1) is a probability level; I (·) is an indi-
cator function that equals to 1 when the expression is correct 
and equals to 0 otherwise; and (h, z) is the combined value 
of precipitation and storm tides.

The traditional multivariate return period (that is, joint 
RP, co-occurrence RP) may have a deviation in the identi-
fication of the dangerous region (Salvadori et al. 2011; Xu 
et al. 2019). For Kendall RP, the dangerous region is divided 
by the joint probability value, thus avoiding the overestima-
tion or underestimation of dangerous region, and the bivari-
ate RP of each combined event can be described reason-
ably. Therefore, it was adopted in this study to calculate the 
boundary conditions (that is, the design values of precipita-
tion and storm tides) for the urban hydrological model.

2.1.2  Varying Parameter Distribution Model

Traditional frequency analysis assumes that environmen-
tal factors will not change the distributions of hydrologic 
variables. However, due to the changing environment, the 
intensity and frequency of extreme precipitation and storm 
tide events exhibit nonstationary changes (Jongman et al. 
2012; Almar et al. 2021). To cope with the influence of these 
changes, researchers have developed various methods for 
nonstationary hydrological frequency analysis. The most 
common approach is to assume that the parameters of the 
distribution function vary with time (Mailhot and Duchesne 
2009; Villarini et al. 2010; Gilroy and McCuen 2012; López 
and Francés 2013; Read and Vogel 2015; Xu et al. 2020; 
Nie et al. 2021; Ossandón et al. 2021), that is the varying 
parameter distribution (VPD) model. In general, there are 
three assumptions for the VPD model (Mailhot and Duch-
esne 2009): (1) the average value (that is, location param-
eter of distributions) changes, but the variability of distribu-
tions (that is, scale parameter and shape parameter) remains 
unchanged; (2) the variability of distributions changes, but 
the average value remains unchanged; (3) both the average 
value and variability of distributions change over time.

(5)Kc(p) = P[C(u, v) ≤ p] =
1

n

n
∑

i=1

I
(

Ci ≤ p
)

Table 1  Archimedean copulas 
and generators �

u and v are marginal distributions; θ is the parameter of Archimedean copula; �(t) is the generator of 
Archimedean copula.

Copulas C(u, v) �

Gumbel copula C(u, v) = exp{−[(− ln u)� + (− ln v)�]1∕�} �(t) = (− ln t)�

Clayton copula C(u, v) = (u−� + v
−� − 1)−1∕� �(t) = t

−� − 1

Frank copula
C(u, v) = −

1

�
ln[1 +

(e−�u−1)(e−�v−1)

e−�−1
] �(t) = − ln

[

e
−�t−1

e−�−1

]
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In this study, the location parameter is assumed to be a 
function of time under nonstationary scenario (Mailhot and 
Duchesne 2009; Nie et al. 2021), since long-term observa-
tions are lacking for determining the scale parameter (Cheng 
et al. 2014; Nie et al. 2021). Taking the commonly used GEV 
(generalized extreme value) function as an example, the dis-
tribution under the nonstationary scenario can be described 
as follows.

where � , � , and k are the location, scale, and shape param-
eter of the GEV function under the changing environment; 
�0 , �0 , and k0 are the location, scale, and shape parameter 
under the stationary scenario; and �1 is the increase rate of 
the location parameter over time.

2.1.3  Most‑Likely Weight Function

The combined design of precipitation and storm tides is the 
boundary condition for urban flood simulation in coastal cit-
ies. Generally, the copula models in Sect. 2.1.1 are used to 
calculate the bivariate RP of precipitation and storm tides first, 
and then the bivariate design method is used to derive the 
combined value for a specific return period. Commonly used 
bivariate design methods include the most-likely weight func-
tion (Salvadori et al. 2011; Tu et al. 2018) and equalized fre-
quency method (Li et al. 2013). In this study, the most-likely 
weight function is adopted to determine the combined design 
value of precipitation-storm tides according to the maximum 
product of the joint and marginal probability densities. The 
calculation formulas are as follows.

where (hm, zm) is the selected combination for the design 
values of precipitation and storm tides against flooding; 
c
(

uh, vz
)

 is the probability density function of the copula 

(6)F(x) = exp

{

−

[

1 − k

(

x − �(t)

�

)]1∕k
}

k ≠ 0

(7)�(t)=�0+�1t

(8)� = �0

(9)k = k0

(10)
(

hm, zm
)

= argmax f (h, z)

(11)f (h, z) = c
(

uh, vz
)

fH(h)fZ(z)

(12)hm = F−1
H

(

uh
)

(13)zm = F−1
Z

(

vz
)

function; fH(h) and fZ(z) are the probability density func-
tions of precipitation and storm tides respectively; and 
F−1
H
(uh) , F−1

Z
(vz) are the inverse functions of the marginal 

distribution.

2.2  Urban Hydrological Model Coupled 1D and 2D

In the study, the PCSWMM is adopted to simulate the hydro-
logical and hydraulic processes of urban floods, which is 
developed by Computational Hydraulics International 
(CHI), Canada and widely used to establish urban hydrologi-
cal models (Ahiablame and Shakya 2016; Paule-Mercado 
et al. 2017; Xu et al. 2018; Xu et al. 2020; Qi et al. 2021). 
The PCSWMM model includes a 1D drainage model and 
a 2D floodplain model. The 1D drainage model is used to 
simulate 1D conduit flow and river flow, and is composed of 
drainage conduit, 1D inspection wells with storage and con-
nection functions, and outlets. The hydraulic motion in the 
drainage conduit is simulated by the dynamic wave method. 
The continuity and momentum equations are described in 
Eqs. 14−15. The 2D floodplain model can simulate unsteady 
2D surface flow above ground, and is composed of 2D 
inspection wells and 2D grids. The 2D inspection wells are 
generated based on the digital elevation model (DEM) of the 
study area, and the water depth of the 2D inspection wells 
is taken as the surface inundation depth in the 2D grid. The 
1D drainage model and 2D floodplain model are integrated 
by the orifice connection method (CHI 2014). The sche-
matic diagram of the 1D-2D coupled hydrodynamic model is 
shown in Fig. 1. When the water depth of the 1D inspection 
well is greater than the well depth, the water flow in the 1D 
inspection well can enter the 2D inspection well through the 
orifice, thereby realizing the coupling of the 1D drainage 
model and the 2D floodplain model.

where A is the section area of conduits; Q is the discharge; 
l is the distance of conduits; hL is the local energy loss of 
every meter conduit; g is the gravity acceleration; Sf is the 
friction slope; and H is the pressure head.

The infiltration process can be simulated by the Hor-
ton model, the GreenAmpert model, and the runoff curve 
numerical method in PCSWMM. Based on the specific 
circumstances of the study area—for example, the study 
area is a small catchment and there is not enough soil 
data—the Horton model was used to calculate infiltration, 
since it is suitable for small catchments and areas where 

(14)�A

�t
+

�Q

�l
= 0

(15)�Q

�t
+

�
(

Q2
/

A
)

�l
+ gA

�H

�l
+ gASf + gAhL = 0
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soil data are lacking. The equation of Horton model is 
described as follows.

where fp denotes the infiltration capacity into soil, mm/s; f∞ 
denotes the minimum or equilibrium value of fp (at ts = ∞), 
mm/s; f0 denotes the maximum or initial value of fp (at ts = 
0), mm/s; ts denotes the time from the beginning of a storm, 
s; and kd denotes the decay coefficient,  s−1.

(16)fp = f∞ +
(

f0 − f∞
)

e−kdts

2.3  Case Study

The integrated approach proposed in this study is dem-
onstrated and applied in Haidian Island in the north of 
Haikou City—the capital city of Hainan Province in the 
northwestern part of the South China Sea, and a key free 
trade port developed by the Chinese government (Fig. 2).

Fig. 1  Schematic diagram of 
the 1D–2D coupled hydrody-
namic model

Fig. 2  The study area
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2.3.1  Study Area and Data

Haidian Island is close to the Qiongzhou Strait and is usu-
ally affected by typhoons at an average of 4–5 times a year. 
The typhoon events of Rammasun and WILLIR brought the 
most severe floods in Haikou in recent years. Typhoon Ram-
masun occurred in July 2014 with heavy precipitation (505.5 
mm) and high tide (3.83 m), and WILLIR attacked Haikou 

in October 1996 with heavy precipitation (294.2 mm) and 
high tide (3.65 m).

The data used in the study include two parts. The first 
part is for the statistical model of precipitation and storm 
tides. Daily precipitation data were accessed from the China 
Meteorological Administration Meteorological Data Center.1 
Daily storm tides during 1974 to 2012 in Haikou station 
were obtained from the Haikou Municipal Water Authority. 
The annual maximum daily precipitation and its correspond-
ing storm tides during 1974 to 2012 are applied to build the 
marginal and joint distributions of precipitation and storm 
tides. The second part of the data is used to establish the 
hydrological model. The DEM data were obtained from the 
Institute of Geographic Sciences and Natural Resources 
Research, Chinese Academy of Sciences.2 The conduit, 
inspection well, and river data were obtained from the Hai-
kou Municipal Water Authority. The calibration data (that is, 
inundation depths) in different observations were obtained 

through field investigation during Typhoon Rammasun on 
July 2014.

2.3.2  Marginal Distributions of Precipitation and Storm 
Tides

Six commonly used functions (Log-normal, Normal, 
Weibull, Gamma, GEV, and Gumbel) are explored to fit 

Table 2  Goodness of fit for the Log-normal, normal, weibull, 
gamma, GEV, and Gumbel functions

Variables Functions K–S test Ordinary least 
squares (OLS) 
value

Precipitation Gamma Pass 0.045
GEV Pass 0.030
Lognorm Pass 0.034
Norm Pass 0.075
Weibull Pass 0.063
Gumbel Pass 0.106

Storm tides Gamma Pass 0.051
GEV Pass 0.045
Lognorm Pass 0.047
Norm Pass 0.062
Weibull Pass 0.082
Gumbel Pass 0.110

Fig. 3  Fitted maps of a precipitation and b storm tides

1 http:// data. cma. cn/ data/ cdcde tail/ dataC ode/A. 0012. 0001. html
2 http:// www. resdc. cn/ Defau lt. aspx

http://data.cma.cn/data/cdcdetail/dataCode/A.0012.0001.html
http://www.resdc.cn/Default.aspx


608 Xu et al. Compound Effects of Precipitation and Storm Tides Under the Nonstationary Scenario

1 3

the marginal distributions of precipitation and storm tides. 
Table 2 shows the goodness of fit for the six functions. It 
indicates that all functions pass the K–S test. The GEV dis-
tribution is chosen as the best-fit function of precipitation 
and storm tides due to the smallest ordinary least squares 
(OLS) values. The fitted maps of the six functions are shown 
in Fig. 3, and the correlation coefficients of empirical and 
theoretical probability calculated by the GEV function are 
0.996 and 0.990 for precipitation and storm tides, respec-
tively. It indicates that the GEV function could be adopted 
for the marginal distributions of precipitation and storm 
tides.

As mentioned above, the marginal distributions of pre-
cipitation and storm tides are fitted by the GEV function 
under the stationary scenario, and the location parameters �0 
= 122.51 and 2.35 respectively. In this study, the VPD model 
is used to determine the marginal distributions under the 
changing environment, and increase rates �1 of precipitation 
and storm tides are 2.53 mm/year and 1.94 mm/year respec-
tively based on the historical data from 1974 to 2012. There-
fore, the marginal distributions of precipitation and storm 
tides under the nonstationary scenario can be described as 
Eqs. 17−20, respectively.

2.3.3  Urban Hydrological Model

In this study, the urban hydrological model is established by 
PCSWMM. First, the conduit distribution was generalized 
into the conduit model through geographic information sys-
tem technology for simple data processing. The 1D drainage 
model consists of 2,667 inspection wells and 2,042 conduits 
(Fig. 4). The study area was divided into 13 subcatchments 
according to the urban flood control and drainage planning 

(17)FH(h) = exp

{

−

[

1 − 0.12 ×

(

h − �H(t)

46.78

)]
1

0.12

}

(18)FZ(z) = exp

{

−

[

1 + 0.05 ×

(

h − �Z(t)

0.38

)]
1

−0.05

}

(19)�H(t) = 122.51 + 2.53t

(20)�Z(t) = 2.35 + 1.94 × 10−3t

Fig. 4  Spatial distributions of a elevation; b conduits; c buildings; and d inspection wells
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of Haikou City (2013–2030) and the distribution of eleva-
tion, buildings, roads, and rivers in the study area. Then, a 
2D floodplain model was established in PCSWMM, which 
was composed of 21,188 2D cells with a resolution of 25 
m. The mesh type is hexagonal and the roughness is set as 
0.085.

For coastal cities, the precipitation is discharged into the 
river channel through the ground and conduits, and then 
flows into the sea. When the heavy precipitation and high 
tide events occur at the same time, the drainage of the river 
channel is blocked by the high tide, causing the river water 
level to rise rapidly, which in turn causes river overflow and 
inundation. In order to simulate the effect of high tide level, 
the boundary conditions of the PCSWMM model are input 
for both precipitation and storm tide processes. The Wuxi 
Road Nullah, Baisha River, and Yawei River in the study 
area discharge directly into the sea, and the storm tide pro-
cess is added at the outlets of the above rivers. The boundary 
conditions of precipitation and storm tides are calculated 
by the most-likely weight function in different RPs, and the 

temporal distributions of design precipitation and storm 
tides are the same as that of the rainstorm event on 18 July 
2014 based on the severe flooding scenario (Xu et al. 2018, 
2020). The urban hydrological model is calibrated by the 
actual inundation data during Typhoon Rammasun on 18 
July 2014. Figure 5 presents the calibration results of the 
urban hydrological model; the Nash-Sutcliffe Efficiency 
(NSE) equals to 0.725, indicating that the model has good 
simulation performance.

3  Results and Discussions

This section presents the results of this study and discus-
sions, which include the bivariate copula model of precipi-
tation and storm tides under the nonstationary scenario, the 
influence of the nonstationary scenario on the return period 
and combined design of precipitation and storm tides, and 
the change of compound flood risk under the nonstationary 
scenario.

3.1  Bivariate Copula Model of Precipitation and Storm 
Tides Under the Nonstationary Scenario

Three Archimedean copulas are explored to establish the 
joint probability distribution of precipitation and storm tides. 
The three copulas all pass the K–S test and the Gumbel cop-
ula is the most suitable function with the minimum OLS 
value of 0.039. The correlation coefficient of empirical and 
theoretical probability is 0.989, indicating the good fit of the 
Gumbel copula (see dots in Fig. 6).

The Gumbel copula is also the best-fit model of precipi-
tation and storm tides in the changing environment with 

Fig. 5  a Inundation simulation result during Typhoon Rammasun on 
18 July 2014 and distribution of observation points 1–8; b compari-
son of observation and simulated inundation depths at observation 
points 1–8

Fig. 6  Cumulative probability of precipitation-storm tides. Dots rep-
resent the empirical probability of observations
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the minimum OLS value of 0.042. The comparison of the 
joint distribution between the stationary scenario and the 
changing environment are presented in Fig. 7. As shown 
in the figure, the cumulative probability in the changing 
environment is higher than that in the stationary scenario, 
with the maximum increase of 37.9%. It indicates that the 
same combinations of precipitation-storm tides are more 
likely to occur in the changing environment.

3.2  Return Period and Combined Design 
of Precipitation and Storm Tides Under 
the Nonstationary Scenario

In this section, we investigated the influence of the non-
stationary scenario on bivariate RPs (that is, Kendall RP, 
co-occurrence RP, and joint RP) and the combined design 
of precipitation and storm tides.

3.2.1  Influence on the Return Period

Figure 8 presents the change of the univariate RP after con-
sidering the nonstationary scenario. Compared with the sta-
tionary scenario, the RPs of precipitation and storm tides 
under the changing environment are significantly reduced, 
with an average reduction of 49.5% and 10.3%, respectively. 
For instance, when the precipitation is 352.97 mm, the RP is 
50 years under the stationary scenario and 24.64 years under 
the nonstationary scenario (in year 2030), with a reduction 

of 50.7%. It demonstrates that the same precipitation or 
storm tide event is more likely to occur under the chang-
ing environment, and the urban drainage designs that meet 
the current urban flood requirements may not meet future 
requirements under the nonstationary scenario. Therefore, it 
is essential to consider the impact of environmental changes 
on the design of precipitation-storm tides for coastal cities.

Fig. 7  Comparison of cumulative probability under a the nonstation-
ary scenario (in year 2030) and b the stationary scenario

Fig. 8  Changes in univariate return period (RP) of precipitation and storm tides under the stationary and nonstationary scenarios. a Precipita-
tion; b storm tides
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Figures 9, 10 and 11 exhibit bivariate RPs of precip-
itation-storm tides under the stationary scenario and a 
changing environment. Compared with the stationary 
scenario, the bivariate RP decreases significantly in the 
changing environment, with an average decrease of 34%. 
For a 50-year precipitation and 50-year storm tide event, 
the bivariate Kendall RP is 177.7 years under the station-
ary scenario, while it decreases to 119.2 years under the 
changing environment (see Fig. 9). The co-occurrence RP 
(Fig. 10) and joint RP (Fig. 11) show similar changes, with 
a decrease of 13.3% to 45.7% and 8.9% to 55.1%, respec-
tively. It indicates that the compound flood risk caused by 
precipitation and storm tides significantly increases when 
the impact of environmental changes is considered.

3.2.2  Influence on the Combined Design

The combined design of precipitation and storm tides are 
the boundary conditions of urban hydrological model in 
coastal cities. In this study, the most-likely weight function 
is adopted to obtain the combined design values correspond-
ing to different RPs, and the influence of the nonstationary 
scenario on the combined design value is also analyzed. 
Figure 12 presents the contour plot of the Kendall RP, joint 
RP, and co-occurrence RP, and the combined design values 
of RP = 50 years under the stationary and nonstationary 
scenarios. As shown in the figure, it is clear that the design 
value of precipitation and storm tides gradually increases as 
the return period increases. Furthermore, the bivariate RP 

Fig. 9  Kendall return periods (RPs) of precipitation and storm tides under the a stationary scenario and b nonstationary scenario. c Changes of 
Kendall RP under the nonstationary scenario



612 Xu et al. Compound Effects of Precipitation and Storm Tides Under the Nonstationary Scenario

1 3

contour lines shift to the right under a changing environ-
ment compared with that under the stationary scenario. It 
indicates that the combined design values are significantly 
increased when considering the impact of the nonstationary 
scenario. For example, when the joint RP is 50 years, the 
design values of precipitation and storm tides under the sta-
tionary scenario and the changing environment are (393.70 
mm, 3.90 m) and (445.20 mm, 3.94 m) respectively (see 
Fig. 12b), and the increase of precipitation and storm tide 
values are 13.08% and 1.03% respectively under the nonsta-
tionary scenario. Furthermore, two actual flood events (that 
is, Typhoon Rammasun and Typhoon WILLIR) are taken as 
the examples to further illustrate the influence of the chang-
ing environment. For example, the joint RPs of Typhoon 
Rammasun and WILLIR events are about 75 years and 
16 years respectively under the stationary scenario, while 
they are about 55 years and 9 years respectively under the 

nonstationary scenario. It indicates that the compound flood 
events are more likely to occur in the changing environment. 
Ignoring the above influence may inappropriately character-
ize the coastal flood risk, and can lead to its underestimation.

3.3  Compound Flood Risk of Precipitation and Storm 
Tides Under the Nonstationary Scenario

Since the Kendall RP can describe the dangerous areas 
more accurately for multivariate scenario (Xu et al. 2019), 
it is adopted to calculate the boundary conditions (that is, 
the design values of precipitation and storm tides) for the 
urban hydrological model. The inundation risk (maximum 
inundation areas, volumes, and depths) of compound floods 
under the nonstationary and stationary scenarios is presented 
in Sect. 3.3.1. In addition, the influence of the combined 
effect of precipitation-storm tides on the coastal flood risk is 

Fig. 10  Co-occurrence return periods (RPs) of precipitation and storm tides under the a stationary scenario and b nonstationary scenario. c 
Changes of co-occurrence RP under the nonstationary scenario
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explored by changing the boundary conditions of the urban 
hydrological model (for example, combined design or uni-
variate design), and the result is exhibited in Sect. 3.3.2.

3.3.1  Influence of the Nonstationary Scenario

As shown in Figs. 13, 14, and 15, with the increase of the 
Kendall RP, the maximum inundation area, volume, and 
depth are all significantly increased. For instance, when the 
Kendall RP increases from 5 years to 500 years, the maxi-
mum inundation area increases from 0.84 to 3.82 million 
 m2 (under the stationary scenario). The maximum inunda-
tion areas and volumes under the nonstationary scenario are 
significantly higher than those under the stationary scenario, 
with an average increase of 31.1% and 45.9%, respectively. 
For example, the maximum inundation volume is 0.58 mil-
lion  m3 with the RP = 50 years under the stationary scenario, 

while it is increased to 0.76 million  m3 under the nonstation-
ary scenario (Fig. 15). It indicates that the changing environ-
ment has a significant influence on the inundation range and 
degree of coastal floods. This is consistent with what has 
been found in Taiwan Island by Hsiao et al. (2021). Further-
more, Wahl et al. (2015), Moftakhari et al. (2017), Bevacqua 
et al. (2019), and Fang et al. (2021) also demonstrated the 
increasing risk of compound flood by statistic models.

3.3.2  Influence of the Compound Effect 
of Precipitation‑Storm Tides

As shown in Fig. 16, when the RP is low, such as less than 
50 years, the combination of precipitation-storm tides has 
a slight effect on the maximum inundation area and vol-
ume. As the RP increases, the inundation extent increases 
more obviously when the compound effect is considered, 

Fig. 11  Joint return periods (RPs) of precipitation and storm tides under the a stationary scenario and b nonstationary scenario. c Changes of 
joint RP under the nonstationary scenario
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indicating that the compound effect of precipitation-storm 
tides would have a greater influence on the flood risk under 
extreme scenarios (for example, RP > 50 years). For exam-
ple, for a RP = 500 year event, the maximum inundation 
volume is 1.02 million  m3 without considering the com-
pound effect of precipitation-storm tides, and it is 1.30 mil-
lion  m3 when taking the compound effect into account, with 
an increase of 27.3%. Therefore, the interaction of precipi-
tation and storm tides aggravates flood disasters, and more 
attention should be paid to the compound effect of precipita-
tion and storm tides when extreme flooding events occur in 
coastal cities.

In addition, different peak time lags of precipitation 
and storm tides would have different impacts on com-
pound flood risk. In this study, taking a 50-year compound 
event as an example, it is assumed that the precipitation 

processes and storm tide processes remain unchanged, 
only the peak time lags of precipitation and storm tides 
change from − 5 to 9 h. We considered 15 different com-
bined scenarios of precipitation and storm tide phases, 
which include that the precipitation peaks occur during 
tidal decreasing phase, tidal increasing phase and the pre-
cipitation peak and storm tide peak occur at the same time. 
The maximum inundation areas, volumes, and depths for 
different peak time lags are presented in Fig. 17. With the 
increase of the peak time lag, the maximum inundation 
areas and volumes show a trend of increasing first and then 
decreasing, and when the peak time lag is 6 h, the inunda-
tion area and volume are the maximum for the study area. 
When precipitation and storm tide processes are accurately 
predicted, the above information can provide support for 
coastal flooding prevention and control.

Fig. 12  Contour plot of the bivariate return period (RP): a Kendall RP; b joint RP; c co-occurrence RP, and the combined design values of RP 
= 50 years under the stationary and nonstationary scenarios
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Fig. 13  Maximum inundation volumes in different return periods (RPs) under the nonstationary and stationary scenarios
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Fig. 14  Maximum inundation depths in different return periods (RPs) under the nonstationary and stationary scenarios
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Fig. 15  The change of maxi-
mum inundation areas, volumes, 
and depths under the nonsta-
tionary and stationary scenarios

Fig. 16  Maximum inundation 
areas, volumes, and depths con-
sidering the compound effect 
and with no compound effect
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3.4  Limitations

In this study, the VPD model is used to predict precipita-
tion and storm tides under nonstationary scenario, which 
was also adopted by Xu et al. (2020), Rohmer et al. (2021), 
Nie et al. (2021), Ossandón et al. (2021), and others. How-
ever, many scholars use climate models or machine learning 
techniques for precipitation and storm tide prediction under 
a changing environment. In the future, the above methods 
can also be applied to improve the accuracy of precipitation 
and storm tide prediction to better analyze the compound 
flood risk in coastal cities under the changing environment.

4  Conclusion

Precipitation and storm tides are the driving factors of 
coastal floods, and their interaction will aggravate flood 
disasters in coastal cities. Knowing the potential change of 
the compound flood risk caused by precipitation and storm 
tides is valuable for coastal flood risk reduction under the 
nonstationary scenario. In this study, we explored the com-
pound flood risk by integrating the hydrological model and 
copula-based design of precipitation and storm tides. The 
VPD model, copula model, and the most-likely weight func-
tion were used to obtain the combined design values of pre-
cipitation and storm tides under the nonstationary scenario. 
The combined design values were applied to the boundary 
conditions of the 1D-2D hydrological model. Subsequently, 
the change of the bivariate RPs, design values, and com-
pound flood risks were investigated under the nonstation-
ary scenario. The results show that: (1) The bivariate RP of 

precipitation and storm tides decreases significantly under 
the nonstationary scenario, and the combined design values 
are significantly increased when considering the impact of 
the nonstationary scenario. (2) The compound flood risk 
has been significantly increased under the changing environ-
ment. (3) The compound effects of precipitation-storm tides 
would have a greater influence on the flood risk when the 
bivariate RP is more than 50 years, and the peak time lags 
significantly impact the compound flood risk.

The methods and results of this study can be used as a ref-
erence for other coastal cities, and the compound flood risk 
of precipitation and storm tides will be assessed at a national 
scale or global scale under nonstationary scenario in our 
future work. Future measures for compound flood mitigation 
should also be investigated to deal with the changing envi-
ronment and increase the flood resilience of coastal cities.
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