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Abstract 15 

In hydrological research, flood events can be analyzed by flood hydrograph coincidence. 16 

Existing flood hydrograph coincidence research mostly focuses on the analysis of the 17 

coincidence risk probability of the annual maximum flood event using the 15-day maximum 18 

annual flood volume; the actual duration of the flood hydrograph is neglected. The duration 19 

of the flood hydrograph is a key variable in (1) determining whether flood hydrograph 20 

coincidence occurs, and (2) accurately calculating the flood hydrograph coincidence risk 21 

probability. This paper creatively proposes a novel method to analyze the flood hydrograph 22 

coincidence risk probability by establishing a five-dimensional joint distribution of flood 23 

volumes, durations and interval time for two hydrologic stations. More specifically, using the 24 

annual maximum flood of the upper Yangtze River and input from Dongting Lake as an 25 

example, the Pearson Type III and the mixed von Mises distributions were used to establish 26 

the marginal distribution of flood volumes, flood duration and interval time. Subsequently, 27 

the five-dimensional joint distribution based on vine copula was established to analyze the 28 

flood hydrograph coincidence risk probability. The results were verified by comparison with 29 

a historical flood sequence. The flood hydrograph coincidence volume-risk probability curve 30 

was also obtained, providing theoretical support for flood control safety and risk management 31 

in the middle and lower Yangtze River. This study also demonstrates the significant 32 
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beneficial role of regulation by the Three Gorges Water Conservancy Project in mitigating 33 

flood risk of the Yangtze River. 34 

 35 

Keywords: Flood hydrograph coincidence, Hydrological extremes, Joint distribution, Vine 36 

copula, Risk probability, Yangtze River Basin 37 

 38 

Declarations 39 

Funding 40 

The study was supported by the Guangdong Foundation for Program of Science and 41 

Technology Research (2020B1111530001). 42 

 43 

Conflicts of interest/Competing interests 44 

• The authors have no relevant financial or non-financial interests to disclose. 45 

• The authors have no conflicts of interest to declare that are relevant to the content of 46 

this article. 47 

• All authors certify that they have no affiliations with or involvement in any 48 

organization or entity with any financial interest or non-financial interest in the subject matter 49 

or materials discussed in this manuscript. 50 

• The authors have no financial or proprietary interests in any material discussed in this 51 

article. 52 

 53 

Availability of data and material 54 

The data that support the findings of this study are openly available in the Changjiang Water 55 

Resources Commission of The Ministry of Water Resources of China at 56 

http://www.cjw.gov.cn/.  57 

 58 

Code availability 59 

Not applicable 60 

 61 

Author’s contributions 62 

All authors contributed to the study conception and design. Data collection and analysis were 63 

performed by Changming Ji and Yi Wang. The first draft of the manuscript was written by 64 

http://www.cjw.gov.cn/


 

3 

 

Chao Zhang, the figures and tables were made by Qian Xiao. All authors commented on 65 

previous versions of the manuscript. All authors read and approved the final manuscript. 66 

  67 



 

4 

 

1 Introduction 68 

Floods are caused by the rapid increase of river water volume and water level in response to 69 

heavy or continuous rainfall, or snow- and ice-melt in a river basin. They can result in 70 

significant financial losses, the destruction of infrastructure, and the loss of human life, and 71 

as such are serious natural hazards (Brocca et al. 2011; Li et al. 2012; Stein et al. 2020). In 72 

the context of global climate change, extreme meteorological and hydrological events are 73 

becoming more frequent, and the risk of basin-wide flooding is increasing (Wang et al. 2019; 74 

Su 2020; Try et al. 2020; Yang et al. 2020). Therefore, more attention to basin-wide flooding 75 

mitigation is needed. 76 

 77 

Flood characteristics at the basin exit are usually influenced by the coincidence of runoff 78 

from two or more subbasins in the catchment. For example, the peak or maximum flood 79 

volume of the main stream and one or more tributaries may reach the same river section at a 80 

given time (Chen et al. 2012; Feng et al. 2020). When runoff from two locations is 81 

coincident, the magnitude of the flood peak and flood volume increase primarily due to 82 

accumulation. Therefore, flood event coincidence analysis in a basin is of significance to the 83 

formulation of flood control strategies and the rational development and utilization of water 84 

resources, particularly in large river basins. 85 

 86 

The traditional method to study flood event coincidence within a river basin is to conduct 87 

probabilistic statistical analysis on the historical flood event coincidence using synchronously 88 

collected flood data in the study area (Zhu et al. 2015; Gao et al. 2017; Zhang et al. 2018). 89 

However, the traditional approach only focuses on historical floods, and thus cannot provide 90 

the coincidence risk probability of extremely large floods (often missing from the historic 91 

record), such as floods with 100-year or even 1000-year return periods. However, extreme 92 

flood events are particularly important in the design of dams and other hydrologic systems as 93 

well as the mapping of flood-prone areas. Considering that flood event coincidence is a 94 

typical multivariate frequency combination problem, multivariate analysis can be applied 95 

(Prohaska et al. 2008). Prohaska et al. (2010, 2012), for example, used a two-dimensional 96 

normal distribution to study the flood event coincidence probability of the Danube River and 97 

its tributaries. However, flood sequences are usually characterized by a skewed distribution, 98 

rather than a perfectly normal distribution. For example, flood sequences in most parts of 99 

China generally follow a Pearson Type III (P-III) distribution (MWR 2006). 100 
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 101 

Copula functions are an effective method for constructing multivariable joint distributions. 102 

Due to their flexible structure (Favre et al. 2004), copulas have been widely used in 103 

hydrological multivariate analysis in recent years (Salvadori and Michele 2004, Zhang and 104 

Singh 2007, Karmakar and Simonovic 2009, Kao and Govindaraju 2010, Liu et al. 2011, 105 

Reddy and Ganguli 2012, Chen et al. 2013, Sraj et al. 2015). In analyzing flood event 106 

coincidence, Klein et al. (2010), Schulte and Schumann (2016) and Bing et al. (2018) used 107 

copulas to establish the joint distribution among different river flood peaks, and to calculate 108 

the probability of the simultaneous occurrence of different river flood peaks within the basin 109 

(i.e., the probability of the occurrence of a river flood peak under the condition of another 110 

given river flood peak). However, they only considered flood magnitude and neglected flood 111 

occurrence time. Further, Chen et al. (2012), Peng et al. (2018), Feng et al. (2020) and Zhang 112 

et al. (2020) used copulas to analyze the flood peak coincidence considering the flood 113 

magnitude and occurrence time simultaneously. 114 

 115 

Even when the flood peaks are not directly coincident, but the flood hydrographs overlap, the 116 

impacts may be catastrophic. For example, in 2020 Shexian County in China was impacted 117 

by a flood with a 50-year return period; it caused US $300 million in damages to the city and 118 

US $100 million in damages to the countryside (Cheng and Zhang 2020). The peaks of the 119 

two “floods” that caused this damage occurred on July 3 and July 7, and thus were not 120 

perfectly coincident. However, the two flood hydrographs overlapped to a large degree. 121 

When the latter flood reached the area, the flood stage in the river was still receding from the 122 

previous flood. As a result, the second flood event led to higher rising water levels than from 123 

a single event, and therefore caused serious flood damage. As such, overlap in flood 124 

hydrographs should also be considered as a flood coincidence event. 125 

 126 

Coincidence of different flood events can be analyzed by the coincidence of their flood 127 

hydrograph, and flood duration is an important factor. Chen et at. (2019) and Yan et al. 128 

(2013) established a three-dimensional joint distribution of the annual maximum 15-day 129 

flood volumes and their interval time to analyze flood hydrograph coincidence. While, the 130 

duration of annual maximum flood (AMF) in the real condition is not always 15 days, which 131 

will depends on the actual condition of the basin. So that the actual duration of the flood 132 

hydrograph will be neglected when the volume of AMF is replaced with the annual maximum 133 

15-day flood volume. To address this problem, this paper creatively proposes a method to 134 
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analyze flood hydrograph coincidence by establishing a five-dimensional joint distribution of 135 

flood volumes, durations and interval time at two stations in the basin. The approach will 136 

depend on the nature of the river being studied, and can be applied to other basins with 137 

similar complex river systems and frequent flood hazards. Specifically, this study focuses on 138 

the analysis of flood hydrograph coincidence between the upper Yangtze River and input 139 

from Dongting Lake located downstream to establish a five-dimensional joint distribution 140 

(Fig. 1). The coincidence risk probability of the flood hydrograph of the upper Yangtze River 141 

and Dongting Lake was then calculated and analyzed through stochastic simulation, so that 142 

the curve of the flood hydrograph coincidence volume and flood event coincidence risk 143 

probability could be obtained. Moreover, the role of the Three Gorges Project on flood event 144 

coincidence risk prevention of the upper Yangtze River was assessed.  145 

 146 

2 Study area  147 

The middle and lower Yangtze River Basin is prone to frequent flood hazards. Floods along 148 

the main stream of the Yangtze River above Yichang exhibit large peak flows of long 149 

duration; the flood events generally last for more than 10 days. During the flood season, if the 150 

flood of the upper Yangtze River encounters a flood from Dongting Lake, which is in the 151 

south of the Jingjiang section of the river (Fig. 1), it will not only adversely affect the flood 152 

control of the middle Yangtze River, but also make flooding in the Jingjiang section more 153 

severe. The flood event coincidence risk probability of the upper Yangtze River and 154 

tributaries of the middle Yangtze River Basin is an important theoretical component of the 155 

Three Gorges Project to timely formulate reasonable flood control plans. Therefore, studying 156 

flood event coincidence risk probability of the upper Yangtze River and Dongting Lake is of 157 

great significance for flood control and disaster reduction in the middle and lower Yangtze 158 

River (Zhang et al. 2020). 159 

 160 

3 Methodology 161 

3.1 Utilized data and approach 162 

In this study, the annual maximum floods (AMFs) from 1951 to 2016 at the Yichang Station 163 

(Station 1) and Chenglingji Station (Station 2) were collected to study the flood event 164 

coincidence risk probability of the upper Yangtze River and Dongting Lake (Fig. 1). The 165 

Yichang Station is located at the boundary between the upper and middle Yangtze River, and 166 

is a control station for water and sediment from the upper Yangtze River. It controls a 167 
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drainage area of 1 × 106 km2, with an average annual runoff of 4.29 × 1011 m3. The maximum 168 

annual runoff was 5.75 × 1011 m3 (in 1954), whereas the minimum annual runoff at the 169 

station was 2.85 × 1011 m3 (in 2006). Runoff during the flood season (May to October) 170 

accounts for 78% of the average annual runoff. The Chenglingji Station is an important 171 

control station for the discharge of water and sediment from Dongting Lake into the main 172 

stream of the Yangtze River (Fig. 1). It controls a drainage area of 2.59 × 105 km2, with an 173 

average annual runoff of 2.85 × 1011 billion m3. The maximum annual runoff was 5.27 × 1011 174 

m3 (in 1954), whereas the minimum annual runoff was 1.48 × 1011 m3 (in 2011). Runoff 175 

during the flood season (May to October) accounts for 73% of the annual average runoff.  176 

 177 

Annual daily discharge data at the Yichang and Chenglingji Stations from 1951 to 2016 were 178 

collected by the Changjiang Water Resources Commission of The Ministry of Water 179 

Resources of China to study the flood risk probability of the upper Yangtze River and 180 

Dongting Lake. The water storage operation of the Three Gorges Project has changed the 181 

local hydrological cycle of the Three Gorges Reservoir, which has changed the amount, 182 

duration and occurrence time of the upstream flood. These alterations have also impacted the 183 

flood hydrograph coincidence risk probability of downstream reaches. Therefore, this study 184 

conducts risk probability analysis of flood hydrograph coincidence between the upper 185 

Yangtze River and Dongting Lake during two periods for comparative purposes: (1) from 186 

1951 to 2002 (Period 1: before the construction of the Three Gorges Project), and (2) from 187 

2003 to 2016 (Period 2: after the construction of the Three Gorges Project). 188 

 189 

3.2 Definitions of AMF event characteristics 190 

To analyze the AMF hydrograph coincidence risk probability, an AMF event must be defined 191 

by specific characteristics that allow the occurrence of an AMF event to be objectively 192 

recognized (Tosunoglu et al. 2020). The following criteria were used to define and 193 

characterize an AMF event. 194 

(1) The highest point in the annual daily discharge diagram was defined as the peak of the 195 

AMF event (Q); 196 

(2) The first point at which the daily increase in discharge exceeds a certain threshold (Qt') on 197 

the rising limb of the hydrograph corresponding to the AMF peak is the starting point of 198 

the AMF event. Its corresponding time is the starting time of the AMF event (t'); 199 
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(3) The last point at which the daily decline in discharge exceeds a certain threshold (Qt'') on 200 

the recessional limb of the hydrograph corresponding to the AMF peak is the ending point 201 

of the AMF event. Its corresponding time is the ending time of the AMF event (t''); 202 

(4) If the interval time between the AMF event peak and its adjacent flood event peak is no 203 

more than 7 days, the flood event corresponding to the adjacent flood peak is also 204 

considered as a part of the AMF event; 205 

(5) The volume of the AMF event (V) is the volume of runoff between t' and t''; 206 

(6) The duration of the AMF event (d) is the interval time between t' and t''; 207 

(7) The occurrence time of the AMF event (T) can be denoted by the starting time (t'). 208 

 209 

Based on the hydrological regime and typical historical flood hydrograph characteristics of 210 

the Yangtze River Basin, the two thresholds (Qt' and Qt'') were set at 2000 (m3s−1d−1) and 211 

1000 (m3s−1d−1), respectively. The extracted AMF event characteristics were consistent with 212 

the historical data. The positions of the AMF event characteristics in an annual daily 213 

discharge diagram are shown in Fig. 2. 214 

 215 

3.3 Flood hydrograph coincidence model 216 

Recent research on flood hydrograph coincidence assumes that flood hydrograph coincidence 217 

occurs when the flood hydrographs from two stations overlap and the duration of the 218 

overlapping parts account for more than 1/2 of the flood duration of any station. The 219 

magnitudes of the two floods are represented by flood volumes (Yan et al. 2013; Huang et al. 220 

2018). Assuming that there are two stations A and B, their flood volumes, flood durations and 221 

flood occurrence times are denoted by V1, V2, d1, d2, T1, and T2, whereas the interval time 222 

between the two stations is denoted by Td where: 223 

 
1 2d

T T T  . (1) 224 

The definition of flood hydrograph coincidence is schematically shown in Fig. 3 for two 225 

conditions: 226 

(1) When the flood duration of station A is longer than or equal to station B. In this case, if 227 

 2 1 2 1 1 2/ 2,  / 2T T d T d d    , the duration of the overlapping part of the two floods 228 

accounts for more than 1/2 of the duration of the flood in station B, and a flood 229 

hydrograph coincidence occurs (Fig. 3(a)); 230 

(2) When the flood duration of station A is shorter than station B. In this case, if231 

 2 1 1 2 1 1/ 2 ,  / 2T T d d T d    , the duration of the overlapping part of the two floods 232 
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accounts for more than 1/2 of the duration of the flood in station A, and a flood 233 

hydrograph coincidence occurs (Fig. 3(b)). 234 

Put in the form of Equation (1), a flood hydrograph coincidence happens when: 235 

 
 

 

2 2
1 1 2

1 1
2 1 2

,  ,  
2 2

,  ,  
2 2

d

d

d d
T d d d

d d
T d d d

        


        

 , (2) 236 

Therefore, when studying the hydrograph coincidence risk probability of two floods greater 237 

than specified magnitudes, it is necessary to calculate the probability (Pfc) that the flood 238 

volumes of the two stations are greater than the design values, and their interval time meets 239 

the above definition of flood hydrograph coincidence. This probability is expressed as: 240 

 

 
 

 

0 0

1 1 2 2

2 2
1 1 2

1 1
2 1 2

= ,  ,  

,  ,  
2 2

,  ,  
2 2

A BR R

fc d d d

d d

d d

P P V V V V T T T

d d
T d T d d

d d
T T d d d

   

    

     


 , (3) 241 

where 0

1
RAV  and 0

2
BR

V are the design flood volumes of station A and B, respectively; and d
T  242 

and dT  are the upper and lower limits of the interval time (Td), respectively. In light of 243 

Equation (3), it is necessary to establish the five-dimensional joint distribution of the 244 

variables, V1, V2, d1, d2, and Td, for the flood hydrograph coincidence analysis. The upper and 245 

lower limits of Td are related to d1 and d2 at the same time. The form is complex, and it is 246 

difficult to simplify directly. In this paper, the idea of stochastic simulation is adopted to 247 

calculate the probability (Roo et al. 1992). According to this approach, you get M sets of 248 

simulation values associated with the joint distribution, and the value of Pfc' is: 249 

 ' =
fc

m
P

M
 , (4) 250 

where m is the number of the data satisfying Equation (3). We can assume that '

fc fc
P P  , 251 

when M is large enough (generally greater than 5000). 252 

 253 

3.4 Marginal distribution model 254 

The Chinese Ministry of Water Resources (MWR 2006) advocates the P-III distribution as 255 

the unified model of flood frequency analysis. The duration and interval time of the two 256 

stations’ AMFs can be regarded as vectors with periodic changes. Thus, they can be 257 
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described by the mixed von Mises distribution (Chen et al. 2012; Yan et al. 2013; Huang et 258 

al. 2018; Peng et al. 2019). 259 

 260 

The P-III curve is an asymmetric and unimodally skewed curve. Its probability density 261 

function is expressed as: 262 

        0
1

0

x a
f x x a e


 


   


 , (5) 263 

where   is the gamma function of  , and 
0, ,a   are parameters of the P-III curve that 264 

can be calculated as: 265 

 

2

0

4
=

2

1 2

s

v s

v

s

C

xC C

C
a x

C









 

       

 (6) 266 

where x  is the average value; 
v

C  is the coefficient of variation; and 
s

C  is the coefficient of 267 

skewness. The curve-fitting method is often used to estimate the parameters of the P-III curve 268 

(Geyer 1940). 269 

 270 

The von Mises distribution is known as the normal distribution on a circle; it is an important 271 

model to describe directional data (Fisher 1993). The probability density function of the 272 

unimodal von Mises distribution is: 273 

       
0

1
; , exp cos ,0 2

2
f

I
       

 
     , (7) 274 

where   is the mean direction;   is the concentration parameter; and  0I   is the 0-order 275 

modified Bessel function of the first kind calculated by:  276 

    
2

0

0

1
= exp cos

2
I d



   
   . (8) 277 

The probability density function of the mixed von Mises distribution is: 278 

    
1

; ; , , 1,2, ,
p

i i i

i

f G f i p    


  L  , (9) 279 

where  1 2 1 2 1 2, , , ; , , , ; , , ,
p p p

G          L L L ; p
  is the mean direction; and  is the mixing 280 

proportion. The maximum likelihood method is often used to estimate the mixed von Mises 281 

distribution parameters (Spurr 1991). 282 
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 283 

3.5 Copula functions 284 

Copula a tool that connects the joint distribution with its marginal distributions (Sklar 1959). 285 

The traditional copula functions used in the construction of a multidimensional joint 286 

distribution are mainly multidimensional elliptic copula and Archimedean copula, but their 287 

structures are relatively fixed, and they require the same correlation structure among 288 

variables. Therefore, they cannot accurately describe the dependencies of higher-dimensional 289 

variables (Aas et al. 2009; Schepsmeier and Czado 2016; Yu et al. 2019; Jane et al. 2020; 290 

Tosunoglu et al. 2020; Wu et al. 2020;).  291 

 292 

The vine copula was first proposed by Joe (1996). In comparison to two previous forms, the 293 

structure of vine copula has been greatly improved. Vine copula allow a combination of 294 

 1 / 2d d   specified copulas, and its principle is to decompose a multivariate probability 295 

density function into  1 / 2d d   two-dimensional copula density functions. There are three 296 

main types of vine copula: C-vine, D-vine and R-vine. Among them, the structure of the R-297 

vine copula is relatively flexible and there are many forms. C-vine and D-vine are special 298 

forms of R-vine with fixed structures (Bedford and Cooke 2001; Cooke 2002; Kurowicka and 299 

Cooke 2006; Aas et al. 2009); these are schematically shown in Fig. 4. 300 

 301 

3.6 Goodness-of-fit of distributions 302 

In order to quantitatively evaluate the fitting error and select the appropriate copula function, 303 

the mean square error (MSE) and the Akaike information criterion (AIC) were used. These 304 

indices can be expressed as: 305 

 
 

 

2

1

1
;

1

log 2 ,

n

i i

i

MSE Pe P
n

AIC n MSE m



 


 


  (10) 306 

where m is the number of model parameters, n is the number of samples, Pi represents the 307 

copula value of consecutive sample observations, and Pei represents the corresponding 308 

multivariate empirical probability. AIC is a measure of the quality of the statistical model’s 309 

fit to the data. For a particular copula function, the smaller the AIC value of the objective 310 

function, the better the copula function simulation. 311 

 312 
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4 Results and analysis 313 

4.1 Marginal distributions 314 

Advantages of using a copula function to establish the multidimensional joint distribution is 315 

that the marginal distribution can work in many forms, and the marginal distribution and joint 316 

distribution can be considered separately. The flood hydrograph coincidence model proposed 317 

in this paper includes five variables: V1, V2, d1, d2, and Td. The P-III distribution was used to 318 

establish the marginal distributions of AMF volumes at the Yichang and Chenglingji stations, 319 

whereas the mixed von Mises distribution was used to establish the marginal distributions of 320 

the AMF durations and their interval time at the Yichang and Chenglingji stations. The 321 

curve-fitting method and maximum likelihood method were used to estimate the parameters 322 

of the P-III distribution and mixed von Mises distribution, respectively. The distributions 323 

were subsequently analyzed using distribution fitting tests. 324 

 325 

Results of the estimated parameters, along with the results of the Kolmogorov-Smirnov (K-S) 326 

and 2  tests of the P-III distributions of the AMF volumes, are shown in Table 1. When the 327 

significance level is 5%, the 2  test results and K-S test results are both less than the critical 328 

values, and the distributions pass the tests. The AMF volumes could be effectively described 329 

by the P-III distribution. The frequency curves provided in Fig. 5 show that the empirical data 330 

points fit the theoretical curves well. 331 

 332 

Table 2 provides the results of the estimated parameters, the K-S test results and the 
2  test 333 

results of the mixed von Mises distributions of the AMF durations and interval times. When 334 

the significance level is 5%, the 
2  test results and K-S test results are both less than the 335 

critical values, and the distributions pass the tests. We therefore assume that the AMF 336 

durations and interval times could be effectively described by the mixed von Mises 337 

distribution. The probability density fitting diagrams are shown in Fig. 6 and Fig. 7 and 338 

illustrate that the theoretical curves fit the empirical bar charts well. 339 

 340 

4.2 Joint distributions 341 

Vine copula parameter estimation and preferential selection were carried out using a routine 342 

in the R software package. The vine copula parameter estimation and preferential selection 343 
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results were used for establishing the five-dimensional joint distributions in this study. The 344 

parameters of the R software package were set as follows: 345 

(1) The optional two-dimensional copula functions were all types of copula in the package, 346 

which included 37 two-dimensional copula functions in total; 347 

(2) The alternative joint distribution structures were C-vine, D-vine and R-vine copula; 348 

(3) AIC was the evaluation standard to select suitable two-dimensional copula functions; 349 

(4) The confidence level of independent hypothesis testing was set at 0.05; 350 

(5) The correlation between variables was expressed by the Kendall correlation coefficient. 351 

 352 

Table 3 shows the vine copula structures of the five-dimensional joint distributions of AMF 353 

hydrograph coincidence for the two study periods. After the establishment of the joint 354 

distributions, the accuracy and reliability of the joint distributions were tested. In this paper, 355 

5000 sets of five-dimensional flood variables were simulated, and the scatter diagrams 356 

between the two variables of the simulated sequence and the historical sequence were 357 

compared (Figs. 8, 9). The comparison shows that the simulated sequence scatter diagrams 358 

not only cover almost all the historical sequence scatter diagrams, but also fully retain the 359 

shape and trend characteristics of the historical sequence scatter diagrams. Therefore, the 360 

simulated sequences retained the natural characteristics of the historical sequences, and the 361 

vine copula structure established above fully reflect the structural characteristics among the 362 

variables of the historical sequences. The established five-dimensional joint distributions in 363 

this study are therefore considered accurate and reliable and can be used for the risk 364 

probability analysis of AMF hydrograph coincidence. 365 

 366 

4.3 Risk probability analysis of AMF hydrograph coincidence 367 

As mentioned above, flood hydrograph coincidence refers to the overlap between flood 368 

hydrographs, and the duration of the overlapping parts account for more than 1/2 of the flood 369 

duration of any station. Equation (3) specifies the method to calculate the flood hydrograph 370 

coincidence risk probability. The stochastic simulation method mentioned above was used to 371 

calculate AMF hydrograph coincidence probability at the Yichang and Chenglingji stations. 372 

'

fc
P  was calculated using the five joint distributions based on vine copula and the stochastic 373 

simulation of 100000 sets of values of the five-dimensional flood variables. We assumed that 374 

'

fc fc
P P  due to the large number of simulated data. 375 

 376 
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Fig. 10 shows the hydrograph coincidence risk probability of the AMFs greater than specified 377 

magnitudes of the simulated and historical sequences (in terms of the return period, R1  R0; 378 

R2  R0). During Period 1, the AMF hydrograph coincidence risk probabilities for each return 379 

period combination of the simulated and historical sequence were very close; the absolute 380 

value of errors were all less than 0.025 (Fig. 10(c)). During Period 2, the AMF hydrograph 381 

coincidence risk probabilities with a return period of 1-year were very similar between the 382 

simulated sequence and the historical sequence. Due to the short historical timeframe, there 383 

was no AMF hydrograph coincidence with a return period combination of more than 2-years, 384 

and the risk probability values corresponding to the simulated sequence were very small (less 385 

than 1/14). Therefore, the AMF hydrograph coincidence risk probability calculated by the 386 

simulated sequence was basically the same as that of the historical sequence; thus, this 387 

method can be used to calculate the AMF hydrograph coincidence risk probability with 388 

extremely large magnitudes. 389 

 390 

In the AMF hydrograph coincidence risk probability analysis, six (6) return periods of the 391 

AMF were chosen at each station, and the hydrograph coincidence risk probability with 36 392 

combinations (R1  R01, R2  R02) was calculated (Table 4), along with the AMF hydrograph 393 

coincidence volume (Table 5). Subsequently, the calculation results of the AMF hydrograph 394 

coincidence risk probability and volume were used to develop the hydrograph coincidence 395 

volume-risk probability curves (Fig. 11). 396 

 397 

The calculation results of the hydrograph coincidence risk probability in Table 4 show that 398 

the AMF hydrograph coincidence risk probability of the upper Yangtze River and Dongting 399 

Lake decreases with an increase in the flood magnitude. For example, from 1951-2002, 400 

floods of the upper Yangtze River and Dongting Lake with a 5-year, 10-year, 50-year, 100-401 

year, 500-year and 1000-year return period combination exhibited hydrograph coincidence 402 

risk probabilities of 1.41 × 10−2, 5.26 × 10−3, 5.80 × 10−4, 2.70 × 10−4, 4.00 × 10−5 and 3.00 × 403 

10−5, respectively; probabilities decreased with longer return periods. From 2003-2016, 404 

floods of the upper Yangtze River and Dongting Lake with a 5-year, 10-year, 50-year and 405 

100-year return period combination possessed hydrograph coincidence risk probabilities of 406 

5.70 × 10−3, 1.81 × 10−3, 7.00 × 10−5 and 2.00 × 10−5, respectively, again exhibiting a 407 

decreasing trend. Interestingly, by comparing the hydrograph coincidence risk probabilities 408 

between the two periods (Table 4), the AMF hydrograph coincidence risk probabilities of the 409 

upper Yangtze River and Dongting Lake were greatly reduced by the operation of the Three 410 



 

15 

 

Gorges Project. For example, during 1951-2002, floods of the upper Yangtze River and 411 

Dongting Lake with a 5-year, 10-year, 50-year and 100-year return period combination had 412 

hydrograph coincidence risk probabilities of 1.41 × 10−2, 5.26 × 10−3, 5.80 × 10−4 and 2.70 × 413 

10−4, respectively, whereas during the 2003-2016 period, risk values decreased to 5.70 × 10−3, 414 

1.81 × 10−3, 7.00 × 10−5 and 2.00 × 10−5, respectively. 415 

 416 

The flood hydrograph coincidence volume-risk probability curves in Fig. 11 show that the 417 

AMF hydrograph coincidence risk probability of the upper Yangtze River and Dongting Lake 418 

decreased with an increase in the hydrograph coincidence volume. For example, during the 419 

1951-2002 period, the hydrograph coincidence probabilities corresponding to hydrograph 420 

coincidence volumes of 2.00 × 1011 m3, 4.00 × 1011 m3 and 6.00 × 1011 m3 were 0.213, 0.123, 421 

and 0.049, respectively. During the 2003-2016 period, the hydrograph coincidence 422 

probabilities corresponding to hydrograph coincidence volumes of 2.00 × 1011 m3, 4.00 × 423 

1011 m3 and 6.00 × 1011 m3 were 0.072, 0.028 and 0.005, respectively. At the same time, a 424 

comparison of the flood hydrograph coincidence volume-risk probability curves in Fig. 11 425 

show that the AMF hydrograph coincidence risk probabilities of the upper Yangtze River and 426 

Dongting Lake were greatly reduced by operation of the Three Gorges Project. For example, 427 

from 1951-2002, the hydrograph coincidence probabilities corresponding to hydrograph 428 

coincidence volumes of 2.00 × 1011 m3, 4.00 × 1011 m3 and 6.00 × 1011 m3 were 0.213, 0.123, 429 

and 0.049, respectively, whereas during the 2003-2016 period, these values decreased to 430 

0.072, 0.028 and 0.005, respectively. 431 

 432 

5 Discussion 433 

This study proposed a creative methodology to analyze the AMF hydrograph coincidence risk 434 

probability of the upper Yangtze River and its downstream input from Dongting Lake. The 435 

main considerations and findings are as follows: 436 

(1) In view of the fact that flood duration is usually neglected in the analysis of the flood 437 

hydrograph coincidence in a basin, this study proposed a method for flood hydrograph 438 

coincidence risk probability analysis by establishing a five-dimensional joint distribution 439 

of the flood volumes, durations and interval time at two stations. This model takes the 440 

flood factors into account and was able to present the actual flood coincidence more 441 

comprehensively. Therefore, the results of risk probability analysis can describe the 442 

hydrological process of flood event coincidence more accurately and therefore more 443 
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effectively meet the needs of actual flood control planning. The approach can be applied 444 

to other basins with similar complex river systems. 445 

(2) In recent studies of flood event coincidence, traditional copulas were used to establish the 446 

joint distribution of flood peaks among stations, and to calculate the risk probability of 447 

flood peak coincidence. However, when there are certain differences in correlation 448 

structures among variables, the use of traditional copulas to establish high-dimensional 449 

joint distributions has limitations. In this paper, a vine copula was used to establish the 450 

five-dimensional joint distributions of the flood variables. It was then shown using 451 

historical sequences that the joint distributions established in this study were reliable. 452 

Therefore, when the correlation structures among hydrological variables under study are 453 

not identical and the joint distribution dimension is high, the vine copula function is 454 

recommended. 455 

(3) The results of this study show that the regulation of the Three Gorges Project during the 456 

flood season reduced the flood hydrograph coincidence risk probability and alleviated the 457 

flood control pressure in the middle and lower Yangtze River. At the same time, the flood 458 

hydrograph coincidence model developed in this study can more comprehensively 459 

analyze the flood event coincidence risk probability of the main stem of the Yangtze 460 

River and its tributaries, which provides a useful reference for the Three Gorges Project 461 

operation in term of flood mitigation. 462 

 463 

6 Conclusions 464 

This study proposed a method to analyze the hydrograph coincidence risk probability of the 465 

upper Yangtze River and input from Dongting Lake using a five-dimensional joint 466 

distribution of flood volumes, durations and interval time for two hydrologic stations. The 467 

risk probabilities and volumes of flood hydrograph coincidence with different return period 468 

combinations were obtained. Flood duration was used in this method based on the flood 469 

hydrograph, and result verification showed that the risk analysis was accurate and consistent 470 

with actual situations. Finally, by analyzing the flood hydrograph coincidence risk probability 471 

of the upper Yangtze River and Dongting Lake before and after operation of the Three 472 

Gorges Project, the positive effect of the Three Gorges Project on flood risk mitigation was 473 

demonstrated. In future work, a flood disaster model will be set up and combined with this 474 

study to further quantify flood risk, thereby providing a more intuitive theoretical basis for 475 

regional flood control and disaster reduction. 476 
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Figures

Figure 1

Map showing the geographic setting of the Yangtz River and the location of the hydrological stations
within the study area. (ArcGIS was used to create this artwork) Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its



authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Figure 2

Schematic diagram illustrating how AMF characteristics were de�ned. (Excel XL Toolbox was used to
create this artwork)

Figure 3

Schematic diagram of �ood hydrograph coincidence. (Visio was used to create this artwork)



Figure 4

General structures of �ve-dimensional C-vine and D-vine. (Visio was used to create this artwork)

Figure 5

Developed frequency curves of AMF volumes for the Yichang and Chenglingji stations and their
comparison to empirical data. (Excel XL Toolbox was used to create this artwork)



Figure 6

Developed frequency curves of AMF volumes for the Yichang and Chenglingji stations and their
comparison to empirical data. (Excel XL Toolbox was used to create this artwork)

Figure 7



Probability densities of AMF interval times for the Yichang and Chenglingji stations and their comparison
to empirical data. (Excel XL Toolbox was used to create this artwork)

Figure 8

Scatter diagrams of the simulated and the historical sequences during Period 1. (Excel XL Toolbox was
used to create this artwork)



Figure 9

Scatter diagrams of the simulated and the historical sequences during Period 2. (Excel XL Toolbox was
used to create this artwork)



Figure 10

Validation of AMF hydrograph coincidence risk probability. (Excel XL Toolbox was used to create this
artwork)



Figure 11

The AMF hydrograph coincidence volume-risk probability curves. (Excel XL Toolbox was used to create
this artwork)


