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Abstract

:

A reasonable flood season delineation can effectively implement staged reservoir scheduling and improve water resource efficiency. Therefore, this study is aimed at analyzing the flood period segmentation and optimizing the staged flood limit water levels (FLWLs) for a multi-purpose reservoir, the Longtan Reservoir, China. The rainfall seasonality index (  S  I P   ) and the runoff seasonality index (  S  I R   ) are used to evaluate the feasibility and rationality of the flood period staging. The fractal method is then used to segment the flood season. Finally, the design flood is carried out to optimize the staged FLWLs. The results show that the   S I   is an effective indicator for judging the feasibility and verifying the rationality of flood segmentation. The flood period can be segmented into the pre-flood season (12 April–29 May), the main flood season (30 May–3 September), and the post-flood season (4 September–9 November). The FLWLs in the main flood and the post-flood season can be raised by 2.05 m and 3.45 m, and the effective reservoir capacity is increased by 5.810 billion m3 and 6.337 billion m3, according to the results of the flood season division.
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1. Introduction


The frequency of extreme flood events has increased significantly under the influence of global warming [1,2]. Areas rich in water resources, but especially the region behind the economy is more vulnerable to the hazard of floods. Take the Himalayas for example. The region has worked 62 glacial lake outburst flood (GLOF) since 1935, occurring eight in Nepal [3], once every 3–10 years [4,5,6]. In recent decades, sustainability, resilience, and climate change adaptation flood control strategies have emerged [7], such as low impact development (LID) [8,9], sustainable drainage systems (SUDS) [10,11], green infrastructure (GI) [12,13,14], water sensitive urban design (WSUD) [15,16], etc., which have received positive responses in developed countries. For developing countries faced with population pressure and food shortages, forcing societies to use floodplains, engineering measures, such as dredging rivers, strengthening drainage systems, and building flood walls, continue to be taken to reduce the impact of flooding [17,18,19]. The construction of a sound flood control engineering system will help to bring out the beneficial properties of floods while preventing floods. Reservoirs are one of the most effective components of critical infrastructure [20], but traditional reservoir operation and scheduling often use a single FLWL to meet the flood, leading to massive abandonment of water during the flood season and insufficient storage after the flood, which exacerbates the conflict between reservoir flood control and benefit generation [21,22].



Therefore, mankind has changed the operation of a single FLWL through the method of flood staging. Currently, the clustering analysis method is widely used for flood season segmentation. Commonly used cluster analysis methods include the fractal analysis method [23], the fuzzy set analysis method [24,25], the change-point analytic method [26], the Fisher optimal segmentation method [27,28], the set pair analysis method [29], the ensemble method [30,31], and other methods [32]. Compared with other clustering analysis methods, the fractal method overcomes the subjective empirical nature in the determination of indicator thresholds and the number of variation points. Fang [33] and Wang et al. [34] demonstrated that the fractal method is quantitative and objective based on the fractal theory of flood staging through practical research cases. Based on the reasonable flood staging results, the FLWL of each stage is optimized, to achieve the purpose of reservoir benefit and flood control. The methods of staged FLWL optimization include the fuzzy analysis method [35,36,37], the artificial intelligence optimization algorithms [38,39,40], and the design flood process method [41,42,43]. Compared with the design flood process method, which has clear physical principles and simple calculations [44], the fuzzy analysis and the artificial intelligence optimization algorithms are not widely applicable because of the large subjective errors and cumbersome calculations [43,45,46].



In summary, the previous research on flood staging and FLWL adjustment is relatively mature, but the feasibility study of flood staging and the reasonableness test of the staging results have rarely been covered. The objective understanding of seasonal changes in precipitation or runoff directly affects the results of flood staging, and reservoir flood staging is the basis for the reservoir scheduling scheme [47]. In the past, the necessity and feasibility of flood separation were basically judged qualitatively from the operation of water facilities; the reasonableness of flood separation results is mainly judged qualitatively, or by comparing the staging results of different flood separation methods for mutual testing. However, there are a large number of calculations in the existing flood separation methods and only a few flood separation methods can be selected for cross-checking in the actual study, so the reasonableness of the staging results needs to be investigated. [48]. How to analyze the feasibility of flood staging [49] and the reasonable test of the staging results [25,50] from a quantitative point of view represents an urgent problem to be solved.



Therefore, the novelty of this study is to overcome the above difficulties by using the   S I   and to address the following three objectives: (1) A Seasonality index method is used to evaluate the feasibility of flood season segmentation. (2) A Fractal method for flood staging is employed, using a comparative study of the seasonality indexes before and after dividing the entire flood season to inspect the reasonableness of the flood season segmentation results. (3) A design flood process method to optimize staged flood FLWLs. A multi-purpose reservoir, the Longtan Reservoir, China, is picked as a case study. The research flow is shown in Figure 1.




2. Materials and Methods


2.1. Study Area and Data


Longtan Reservoir is located in the canyon area of the upper reaches of the Hongshui River, (102°20′ E~109°30′ E, 23°04′ N~26°50′ N) (Figure 2). The reservoir is the “leading” reservoir power station of the Hongshui River, with a normal storage level of 375 m and an effective storage capacity of 111.15 billion m3. Since its commissioning in 2007, the operation is as follows: the highest annual water inflow was in 2008 (54.754 billion m3), and its highest post-flood level is 374.88 m; the lowest annual water inflow was in 2011 (25.938 billion m3), and its highest post-flood level is 339.91 m. According to the comprehensive water inflow and annual maximum water level, the water inflow of the reservoir exceeds 111.5 billion m3 of the reservoir’s profit storage capacity, but the reservoir has not fully stored to the normal storage level of 375 m in recent years, and the reservoir filling rate is only 70%. If the reservoir is operated strictly according to the FLWL, there is a risk of a large amount of water abandonment. Not only can the water resources not be fully utilized, but the power and electricity of cascade hydropower stations downstream of Longtan will also be affected, which will pose a threat to the water supply security in the Pearl River Delta in the dry season. Based on this, this study takes Longtan Reservoir as the research object and adjusts its flood season staging and FLWL.



Tian’e Hydrological Station is located 15 km downstream of Longtan Reservoir and was established in May 1959. The adjustment of flood stage and FLWL in this study are directly adopted from Tian’e station hydrological data, including 53-year long series of daily rainfall, daily runoff, and flood data from 1960 to 2012.




2.2. Methodology


2.2.1. Seasonality Index Method


A seasonality index (  S I  ) is an effective tool for analyzing seasonal variation across space and time [36]. In this study,   S I   is used to describe the seasonal characteristics of rainfall and runoff in the flood season of the Longtan basin. Thus, the feasibility and rationality of flood staging can be quantitatively analyzed. The   S I   is given as follows [51]:


  S I =  1 R    ∑  i = 1  n      X n  −  R n       



(1)




where  R  is total rainfall or runoff in a certain study period, in month  n , and    X n    is total rainfall or runoff. The rainfall and runoff data are obtained from the daily rainfall and runoff of Tian’ e station from 1960 to 2012.



As suggested by Walsh and Lawler [51], the seasonality index classes are shown in Table 1. Therefore, it is indicated that rainfall and runoff are evenly distributed throughout the flood season when   S I    ≤  0.19, and there is variability in the distribution of rainfall and runoff during the flood season which needs to be staged when   S I   > 0.19 in this study.




2.2.2. Fractal Method


The concept of fractals [52] reveals the unity of order and disorder and the unity of determinism and indeterminism in nonlinear systems. Therefore, the fractal method is widely used to study hydrological changes with random, nonlinear, and similar characteristics. This study used the fractal analysis method with rainfall and runoff as the index factors and calculates the corresponding capacity dimension (similar dimension) to quantify the fractal by selecting the average series of annual rainfall and annual runoff, to determine the flood stage of Longtan Reservoir. The specific steps are as follows:




	(1)

	
The Samples    x 1  ,  x 2  , ⋯ ,  x n    are taken from the entire flood season.




	(2)

	
Determine the time length  T /d.




	(3)

	
Select the threshold levels  Y .




	(4)

	
Count the number of times   N ( ε )   in that the sample    X i    exceeds the  Y -threshold.




	(5)

	
Calculate the relative time scale   N T ( ε )   corresponding to the different time scale  ε ,   ε = { 1 d , 2 d , … , 10 d }   and the   N T ( ε )   is given as follows:


  N T  ε  = T / ε  



(2)








	(6)

	
Calculate the relative measurements    N N  ( ε )  


   N N  ( ε ) =  N ε  / N  T  ( ε )    



(3)








	(7)

	
Calculate   ln ε   and   ln  N N  ( ε )  , then make a linear fitting to them to obtain the slope  b . The capacity dimension    D b    can be obtained as follows:


   D b  = 2 − b  



(4)








	(8)

	
 T  can be seen as the same staging if increasing and decreasing the time length  T  and repeating steps (2) to (7) yields approximately equal capacity dimensions    D b   .










2.2.3. Design Flood Process Method


In this study, the design flood hydrograph was used for the adjustment of the staged FLWLs. Firstly, we used the staged maximum method to select samples of flood data from 1960 to 2012 at Tian’e station and the staged annual maximum method to select samples of historical floods (the results of the selection are shown in Table S1 of supplementary materials). Then, we calculated the empirical flood frequencies by Equations (5)–(7) and determined the initial statistical parameter values according to Equation (8) to fit a theoretical frequency curve. Finally, the typical flood hydrograph in July 1966, which is unfavorable to flood control, was selected, and the peak flow was used as the control standard in accordance with the same ratio amplification method (Equation (9)) to derive the 500-year design flood hydrograph and the 10,000-year check flood hydrograph for each flood stage, according to Equation (10), to derive the reservoir capacity of the staged reservoir, to obtain the stage FLWLs.



The calculation steps of the Design flood process method are as follows [53]:




	(1)

	
The annual maximum method is used for flood sample selection and the n-year flood series is arranged in descending order as:    x 1  ,  x 2  , … ,  x m  … ,  x n   , the empirical frequency of the pre and post flood periods can be calculated by the following equation:


   P m  =  m  n + 1   × 100 %  



(5)








	(2)

	
In the investigation and certification period of  N  years, there are a catastrophic flood, of which l occur in a continuous series of n items, the empirical frequency of the main food period in such a discontinuous series of floods can be calculated by the following equation.



Empirical frequency of a catastrophic flood:


   P M  =  M  N + 1   × 100 %  



(6)







Empirical frequency of n-l consecutive floods:


   P m  =  a  N + 1   + ( 1 −  a  N + 1   )   m − 1   n − l + 1   × 100 %  



(7)








	(3)

	
Unbiased estimation formula of moment method:


         x ¯  =  1 n    ∑  i = 1  n    x i           C v  =    n  n − 1           ∑  i = 1  n        K i  − 1    2     n    =       ∑  i = 1  n        K i  − 1    2      n − 1            C s  =    n 2    ( n − 1 ) ( n − 2 )       ∑  i = 1  n        K i  − 1    3      n  C v 3    ≈     ∑  i = 1  n        K i  − 1    3      ( n − 3 )  C v 3           



(8)




where    K i    is modulus coefficient      D i  =    x i    x ¯      .




	(4)

	
The same ratio amplification method is as follows:


   K Q  =    Q p     Q t     



(9)




where    K Q    is the amplification factor,    Q P    is the peak flow of the design flood, and    Q t    is the peak flow of the typical flood.




	(5)

	
The idea of flood regulation calculation in this study is to conduct flood regulation calculation according to the flood control requirements of the dam itself and then calculate the final stage FLWLs according to the flood control storage capacity. Principle of reservoir flood control calculation based on water balance principle:


   1 2     Q 1  +  Q 2    −  1 2     q 1  +  q 2    =    V 2  −  V 1    Δ t    



(10)




where    Q 1    and    Q 2    are incoming flows at the beginning and the end of the period;    q 1    and    q 2    are outgoing flows at the beginning and the end of the period;    V 1    and    V 2    are reservoir capacity values at the start and the end of the period;   Δ t   is calculation time.












3. Results


3.1. Feasibility Analysis of Flood Season Segmentation


We aimed to analyze the necessity and feasibility of flood segmentation from a quantitative perspective through the change pattern of the   S  I P    and the   S  I R    in the flood season of Longtan basin. The variations of the   S  I P    and the   S  I R    are shown in Figure 3. The   S  I P    shows a slight upward trend (the slope is 0.0019), and the   S  I R    shows a slight downward trend (the slope is −0.0004). The results indicate that the   S  I P    and the   S  I R    show no clear tendency to increase or decrease, reflecting the random nature of hydrological phenomena. Overall, the shape of the variation curves of the   S  I P    and   S  I R    are basically the same, which also indicates that the formation of runoff is affected by rainfall to some extent. In 89% of the years, the   S  I R    is greater than the   S  I P   , implying that the seasonal characteristics of runoff are more significant than that of rainfall during the flood season, mainly because the water content of the watershed soil is not saturated in the early flood season, and it takes some time for rainfall to yield runoff. The maximum value of the   S  I P    is 0.66 which appeared in 1991, the minimum value is 0.22 and occurred in 1961, and the mean value is 0.46. The peak value of the   S  I R    is 0.66, occurring in 1998, the minimum value is 0.36, occurring in 1961, and the mean value is 0.5. As shown in Figure 4, 60% and 74% of the years that the   S  I P    and the   S  I R    range from 0.4 to 0.59, respectively, which meet the criterion of significant seasonality. The results show that both rainfall and runoff exhibit pronounced seasonal characteristics throughout the flood season. Thus, it is feasible and essential to stage the flood in Longtan Reservoir.




3.2. Flood Season Segmentation Results


Fractal calculations based on the rainfall and runoff data of Longtan Reservoir from 1960 to 2012 were used to obtain reasonable flood segmentation results. According to Qian and Zheng [54], the two periods are deemed to be part of the same sub-flood season if the capacity dimension of one period is similar to that of another neighboring period (with the maximum divergence not exceeding the crucial value of 5%).



The segmentation results are shown in Table 2 and Table 3. Table 2, by using rainfall as an index show that when T = 50 d, the largest deviation of the slope of   ln ε ~ ln  N N  ( ε )   is 0.1687, which was 9.58% (>5%) of the minimal capacity dimension, suggesting a mutation in the capacity dimension at T = 50 d. When T = 30 d~T = 45 d, the capacity dimension is quite close, and the maximum deviation is 0.0334, which only accounts for 1.89% of the minimum capacity dimension, so it can be classified as the pre-flood season (12 April–26 May). In the same analysis, the main flood and post-flood periods are 27 May–3 September and 4 September–9 November, respectively. Using runoff as an indicator, the entire flood season is segmented into four sub-flood periods (Table 3). However, according to the hydraulic engineering calculation standards, floods are divided into a maximum of 3 sub-flood seasons. As a result, the second and third stages are integrated into the main flood season in this study based on the multi-year average daily runoff flow and flood evolution pattern. So, the pre-flood, main flood, and post-flood periods are 12 April–31 May, 1 June–3 September, and 4 September–9 November, respectively. The segmentation results with the daily rainfall index and daily runoff index are summarized in Table 4. The staging results show that the two differ only by five days in the start date of the main flood season. According to the mean start date of the two main flood seasons and be determined as the start date of the main flood season in this study. Therefore, the final flood segmentation is adjusted as follows: the pre-flood season (12 April–29 May), the main flood season (30 May–3 September), and the post-flood season (4 September–9 November).




3.3. Reasonableness Test of the Segmentation Results


We aimed to compare the changes of the   S  I P    and   S  I R    before and after the flood segmentation to quantitatively analyze the reasonableness of the staging results. The percentage of each level of the   S  I P    and   S  I R    before and after flood segmentation are shown in Figure 4, Figure 5 and Figure 6. As illustrated in Figure 4, before the flood segmentation, more than 60% of the years show a significant seasonal characteristic and the   S  I P    and   S  I R    range from 0.40 to 0.59. Besides, no year indicates that the rainfall or runoff is evenly distributed during the flood season (  S  I P  < 0.19   and   S  I R  < 0.19  ). For   S  I P    (Figure 4), after the flood segmentation, the values have significantly decreased. The percentage of the years with   S  I P  < 0.4   is 51%, 95%, and 73% in the three sub-flood periods, respectively. Moreover, the percentage of the years with   S  I P  < 0.19   is 15%, 40%, and 47% in the three sub-flood periods, respectively, implying that the segmentation of flood season has weakened the seasonal characteristics of rainfall. For   S  I R    (Figure 5), after the flood segmentation, the values have also significantly decreased, the percentage of the years with   S  I R  < 0.4   are 54%, 87%, and 85% in the three sub-flood periods, respectively. Moreover, the percentage of the years with   S  I R  < 0.19   are 11%, 23%, and 45% in the three sub-flood periods, respectively, implying that the segmentation of flood season has weakened the seasonal characteristics of runoff. In summary, the staging of the flood season allows the seasonal characteristics of rainfall and runoff to be reduced, resulting in a more uniform and consistent distribution of rainfall and runoff within each sub-flood season, so the staging results are reasonable.




3.4. Frequency Analysis and the Design Flood Process Results


Equation (5) is used to calculate the empirical frequency of flood flow series in the pre-flood and post-flood periods of Longtan Reservoir. Equations (6) and (7) are used to calculate the empirical frequency of flood flow series in the main flood period. Using the hydrological frequency analysis software, the best theoretical frequency curve was obtained by appropriately adjusting Cv and Cs. The outcomes of the frequency analysis are concluded in Table 5. The mean value of the flood peak of the main flood season is 11,288 m3/s, which is larger than that of the pre-flood season (4211 m3/s) and that of the post-flood season (5569 m3/s). Besides, the parameter    C V    (0.34) and the parameter    C S    (0.67) of the main flood season are smaller than that of the pre-flood season (   C V  = 0.58  ,    C S  = 1.37  ) and the post-flood season (   C V  = 0.58  ,    C S  = 1.54  ), indicating that the flood peak of the main flood season is large in magnitude, small in dispersion and symmetrical in distribution. The parameters    C V    of the pre-flood season and the post-flood season are the same (0.58), indicating that there is little difference in the dispersion of the flood peaks during the pre-flood season and the post-flood season. Compared with the entire flood season (before segmentation), the mean flood peak of the main flood season (11,288 m3/s) is larger than that of the entire flood season (   x ¯  = 11200    m 3  / s  ), indicating that the large magnitude floods are mainly distributed during the main flood season. However, the    C V    parameters of the main flood season and the entire flood season are the same (0.34), indicating that the dispersion of the floods in the main flood season remained the same after the flood staging. The parameters    C V    of the pre-flood season and the post-flood season are equal to 0.58, bigger than that of the entire flood season (0.34), implying that the dispersion of floods in the pre-flood and post-flood seasons becomes more significant. The    C S    of the main flood (0.67) is smaller than that of the entire flood season (   C S  = 1.22  ), indicating the more symmetrical distribution of floods during the main flood after segmentation.



Finally, the 500-year and 10,000-year design flood hydrographs of the three sub-flood periods are derived by using the same ratio amplification method, and the results are shown in Figure 7, Figure 8 and Figure 9.




3.5. The Optimization and Determination of FLWL


According to the comparison of the design flood results before and after the segmentation, it proves the necessity of FLWL optimization. As shown in Table 5, the flood peak flows of the 500-year and 10,000-year floods are 15,250 m3/s and 20,820 m3/s in the pre-flood period, which are equivalent to the original design results of the seven-year and 43-year floods. However, as suggested by Liu [55], taking into account the former flood period to vacate the reservoir capacity for the main flood period and the dry period less water and other factors, and raising the water level of the former flood season will increase the risk of water abandonment in the main flood period, so it is not practical to adjust (raise) the FLWL during the former flood period. The flood peak flows of the 500-year and 10,000-year floods are 25,462 m3/s and 31,267 m3/s in the main flood period, which are smaller than the design outcomes of the entire flood period (the 500-year design flood flow is 27,600 m3/s and the 10,000-year flood flow is 35,500 m3/s), indicating that increasing the FLWL of the main flood period is permissible. For the post-flood period, the peak flows of the 500-year and 10,000-year floods are 20,790 m3/s and 28,775 m3/s, which are equivalent to the 43-year and 714-year floods of the preliminary design results. Besides, the post-flood period is followed by a long dry season, so adjusting the FLWL in the post-flood season can fully utilize the reservoir volume and increase the profitability of the reservoir. Therefore, only the FLWLs of the main flood period and post-flood period are adjusted in this study, and the FLWL of the pre-flood period stays the same as the original value of 375.00 m.



The control condition for the routing of flood control is that the highest water level after the routing of flood control does not surpass the check flood level of the reservoir (381.84 m). With a step length of 0.5 m, the flood is regulated from 375 m, and the process of the routing of flood control is shown in Tables S2 and S3 in the Supplementary Material. Finally, as shown in Table 6, the FLWLs of the three sub flood periods are determined as 375.00 m, 377.05 m, and 378.45 m.





4. Discussion


In this study, the fractal method is used to stage the flood season of Longtan Reservoir. The fractal method has good adaptability in the study of flood season staging [33,34] and compared with other traditional methods of flood season staging, such as the relative frequency RF method [56], the fractal method divides the flood season by statistical calculation rather than visual assessment, thus producing more objective results. The variable point-fuzzy method [57], vector statistics method and fuzzy set analysis method [58] have been applied to the flood season staging of Longtan Reservoir. Compared with the present study, the number of stages is the same, but the stage points are slightly different, as shown in Table 7. The reason for this is that the principles of the fractal method and the two research methods are different. The two methods are based on fuzzy theory. Thus, in determining the main flood period, there is a certain subjective error. The fractal method is based on a strong physical background to overcome this subjectivity [33]. Whereas the two studies only consider the impact of flow indicator, this study uses dual indicators of rainfall and runoff for flood staging. As stated by Xu, et al. [59] and Jiang, et al. [25], instead of a single indicator, multiple indices depicting flood seasonality should be considered when performing flood season division, therefore the segmentation results in this study should be more reasonable. In summary, the staging points are slightly different.



The innovation of this study is to use the   S I   to analyze the feasibility of flood staging and the reasonableness of the staging results from a quantitative point of view. Meanwhile, it proves the applicability of the fractal method in flood staging. However, it should be noted that the staging results obtained using the fractal method are still subject to the choice of hydrologic time scale and threshold level. In terms of the scientific significance of the overall study, especially in the case of global warming, such as tropical cyclones, temperate cyclones [57,60], and sea level rise [58], a series of climate changes lead to an increase in the frequency of mega-flood events and an increase in flood risk, which can be effectively reduced by formulating a reasonable flood phasing and FLWL optimization scheme, fully demonstrating that this study has solved the corresponding scientific problems. The impact of climate change on floods will continue in the future [61], so there are two key technical issues that need to be addressed in future research, namely the future climate change predictions and response predictions for future floods. The solution to the above two key questions will allow for proactive structural and non-structural flood control measures to reduce flood risk.




5. Conclusions


A reasonable flood season segmentation and adjustment of FLWL for a multi-purpose reservoir can help maximize flood resource use without increasing flood risk. This study first quantitatively analyzes the feasibility of flood staging for the Longtan Reservoir, then divides the flood season and verifies the reasonableness of the staging results, and finally adjusts the FLWL. In this way, the large amount of water wastage caused by the previous implementation of a single FLWL can be improved to some degree.



Some findings are as follows: (1) From 1960 to 2012, 60% and 74% of the years that the   S  I P    and the   S  I R    of the entire flood season range from 0.4 to 0.59, indicating that there are significant differences in the distribution of rainfall and runoff throughout the flood period. Therefore, it is essential to stage the flood period. (2) The entire flood period should be divided into the pre-flood period (12 April–29 May), the main flood period (30 May–3 September), and the post-flood period (4 September–9 November). (3) In the pre-flood, FLWL remains unchanged (375.00 m), whereas in the main flood and post-flood FLWL increased by 2.05 m (377.05 m) and 3.45 m (378.45 m), and the effective reservoir capacity increased by 5.810 billion m3 and 6.337 billion m3.
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Figure 1. The research flow. 






Figure 1. The research flow.
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Figure 2. Location of the study area. 
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Figure 3. The variations of the   S  I P    and the   S  I R   . 
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Figure 4. Percentage of each level of the   S  I P    and   S  I R    for the entire flood season. 
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Figure 5. Percentage of each level of the   S  I P    before and after the flood segmentation. 
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Figure 6. Percentage of each level of the   S  I R    before and after the flood segmentation. 
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Figure 7. Design flood hydrograph of the pre-flood period. 
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Figure 8. Design flood hydrograph of the main flood period. 
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Figure 9. Design flood hydrograph of the post-flood period. 






Figure 9. Design flood hydrograph of the post-flood period.
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Table 1. Seasonality index cases.






Table 1. Seasonality index cases.





	    S I    
	Distribution





	<0.19
	Distributed throughout the flood season



	0.2–0.39
	Seasonal



	0.40–0.59
	Significant seasonality



	0.60–1.00
	Remarkable seasonality
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Table 2. The segmentation by using rainfall as the index.






Table 2. The segmentation by using rainfall as the index.





	
Stage

	
Staged Period

	
Duration

T (d)

	
Threshold Levels

(m3/s)

	
Slope b

	
Db

	
Relative Error (%)






	
Pre-flood season

	
12 April–11 May

	
30

	
4

	
0.2382

	
1.7618

	

	




	
12 April–21 May

	
40

	
4.7

	
0.2322

	
1.7678

	

	




	
12 April–26 May

	
45

	
4.95

	
0.2048

	
1.7952

	
1.89

	




	
12 April–31 May

	
50

	
5.4

	
0.0695

	
1.9305

	
9.85

	




	
Main flood season

	
27 May–25 June

	
30

	
8.55

	
0.3092

	
1.6908

	

	




	
27 May–5 July

	
40

	
8.75

	
0.3108

	
1.6892

	

	




	
27 May–15 July

	
50

	
8.75

	
0.3144

	
1.6856

	

	




	
27 May–25 July

	
60

	
8.65

	
0.3153

	
1.6847

	

	




	
27 May–4 August

	
70

	
8.35

	
0.3172

	
1.6828

	

	




	
27 May–14 August

	
80

	
8.25

	
0.3198

	
1.6802

	

	




	
27 May–24 August

	
90

	
7.9

	
0.3131

	
1.6869

	

	




	
27 May–3 September

	
100

	
7.6

	
0.3086

	
1.6914

	
0.67

	




	
27 May–8 September

	
105

	
7.4

	
0.2099

	
1.6914

	
6.54

	




	
Post-flood season

	
4 September–3 October

	
30

	
3.4

	
0.349

	
1.651

	

	




	
4 September–13 October

	
40

	
3.3

	
0.3507

	
1.6493

	

	




	
4 September–23 October

	
50

	
3

	
0.3316

	
1.6684

	

	




	
4 September–2 November

	
60

	
2.95

	
0.3488

	
1.6512

	

	




	
4 September–9 November

	
67

	
2.85

	
0.3334

	
1.6666

	
1.16
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Table 3. The segmentation by using runoff as the index.






Table 3. The segmentation by using runoff as the index.





	
Stage

	
Staged Period

	
Duration

T (d)

	
Threshold Levels

(m3/s)

	
Slope b

	
Db

	
Relative Error (%)






	
The first stage

	
12 April–11 May

	
30

	
670

	
0.2419

	
1.7581

	




	
12 April–21 May

	
40

	
770

	
0.2435

	
1.7565

	




	
12 April–31 May

	
50

	
935

	
0.2649

	
1.7351

	
1.33




	
12 April- 5 June

	
55

	
1035

	
0.1688

	
1.8312

	
5.54




	
The second stage

	
1 June–30 June

	
30

	
2910

	
0.2324

	
1.7676

	




	
1 June–10 July

	
40

	
3205

	
0.2138

	
1.7862

	




	
1 June–20 July

	
50

	
3310

	
0.2025

	
1.7975

	
1.69




	
1 June–25 July

	
55

	
3345

	
0.2946

	
1.7045

	
5.40




	
The third stage

	
21 July–19 August

	
30

	
3380

	
0.3602

	
1.6398

	




	
21 July–29 August

	
40

	
3265

	
0.3397

	
1.6603

	




	
21 July–3 September

	
45

	
3210

	
0.3308

	
1.6692

	
1.79




	
21 July–8 September

	
50

	
3130

	
0.1459

	
1.8541

	
13.07




	
The fourth stage

	
4 September–3 October

	
30

	
2140

	
0.1469

	
1.8531

	




	
4 September–13 October

	
40

	
2065

	
0.1414

	
1.8586

	




	
4 September–23 October

	
50

	
1945

	
0.1342

	
1.8658

	




	
4 September–2 November

	
60

	
1845

	
0.1406

	
1.8594

	




	

	
4 September–9 November

	
67

	
1780

	
0.1397

	
1.8603

	
0.68
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Table 4. The segmentation results with daily rainfall index and daily runoff index.
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	Stage
	Daily Rainfall Index
	Daily runoff index





	Pre-flood season
	12 April–26 May
	12 April–31 May



	Main flood season
	27 May–3 September
	1 June–3 September



	Post-flood season
	4 September–9 November
	4 September–9 November
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Table 5. The results of the frequency analysis.






Table 5. The results of the frequency analysis.





	Time Slot
	     x ¯     
	Cv
	Cs
	500PD
	10,000PD





	Entire flood season
	11,200
	0.34
	1.22
	27,600
	35,500



	Pre-flood season
	4211
	0.58
	1.37
	15,250
	20,820



	Main flood season
	11,288
	0.34
	0.67
	25,462
	31,267



	Post-flood season
	5569
	0.58
	1.54
	20,790
	28,775







Note: 500PD is 500-year peak discharge; 10,000PD is 10,000-year peak discharge.
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Table 6. The results of routing of flood control.






Table 6. The results of routing of flood control.





	Stage
	FLWL (m)





	Pre-flood season
	375.00



	Main flood season
	377.05



	Post-flood season
	378.45
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Table 7. Comparison of the results of the fractal method with other research methods.






Table 7. Comparison of the results of the fractal method with other research methods.





	Stage
	The Fractal Method
	The Variable Point-Fuzzy Method
	The Vector Statistics Method and Fuzzy Set Analysis Method





	Pre-flood season
	12 April–31 May
	1 April–7 June
	1 April–9 June



	Main flood season
	27 June–31 August
	8 June–1 September
	10 June–1 September



	Post-flood season
	1 September–9 November
	2 September–31 October
	2 September–31 October
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