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Abstract

:

Floods have become increasingly frequent and pose more significant risks in delta plains due to rapid urbanization. While previous studies have primarily focused on urban flood management, there has been a limited exploration of coordinated flood control strategies that encompass cities, regions, and basins holistically. In response to this gap, our research aims to quantitatively assess flood control coordination under various scheduling rules and propose optimized strategies to enhance this coordination. Using the Wu-Cheng-Xi-Yu region as our case study, we observed that flood characteristics under different flood control coordination schemes varied slightly, especially the FI. Moreover, the effectiveness of different scheduling optimization schemes varied across different levels. Specifically, at the basin–region, basin–city, and region–city levels, Schemes S8, S7, and S5 demonstrated the highest coordination coefficients, with values of 0.80, 0.67, and 0.68, respectively. In comparison to the current scheduling Scheme (S0), these schemes resulted in significant improvements in flood coordination, with enhancements of 0.68, 0.37, and 0.22, respectively. Furthermore, our findings indicate that the most effective approach to strengthening flood control coordination involves implementing scheduling measures that reduce urban drainage while simultaneously improving the discharge capacity of the basin. Our results could help to alleviate the contradictions of flood control at different levels and provide a solid guarantee for water security.
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1. Introduction


The intensification of extreme rainfall events and alterations in land surfaces due to urbanization have led to significant changes in regional water cycle processes, resulting in more frequent occurrences of flooding [1,2,3]. Globally, flooding stands as a substantial hazard, with the resulting losses accounting for more than half of the damages caused by various natural disasters [4,5,6]. In 2021, direct economic losses attributable to floods in China alone constituted a staggering 73.62% of the total economic losses incurred from natural disasters [7]. This underscores the substantial impact of flooding on modernization and sustainable development efforts. Consequently, there is a pressing need for dedicated research and initiatives focused on flood prevention and mitigation within the context of contemporary social and economic development.



The delta plains are distinguished by their dense rivers and numerous water management infrastructure projects. Previous research has demonstrated the substantial influence exerted by the construction and operation of flood control projects on the spatial dynamics of urban flooding [8,9,10]. The combination of intensive hydraulic project operations and a lack of coordination across diverse regions has given rise to conflicts in flood control pressures among watersheds, cities, and regions. Specifically, insufficient drainage capacity in hydraulic projects managing external watershed drainage results in heightened flood control pressures within the watershed. Conversely, excessive drainage capacity in urban hydraulic projects leads to the accumulation of excess water at the city’s outskirts, exacerbating flood control pressures in those areas [11]. Effectively coordinating flood control relationships among cities, regions, and basins represents a pressing challenge.



Unfortunately, previous research has predominantly concentrated on optimizing the operation of major flood control initiatives within individual basins, regions, and cities, with limited consideration of a comprehensive approach spanning all three levels. Within the domain of regional or basin flood control project scheduling, much literature has emerged, particularly concerning the optimization of reservoir flood control strategies [12,13,14]. Concurrently, in response to the escalating challenges posed by urban flooding, both domestic and international scholars have conducted extensive investigations into urban flood control and waterlogging project scheduling [15,16,17]. For example, Yazdi et al. [18] introduced a comprehensive scheduling algorithm to determine the optimal operational schemes for each pump within urban settings. Similarly, Ye et al. [19] employed simulations to assess flooding responses under various rainfall and scheduling scenarios, offering insights into river overflow dynamics on a community scale. However, the expansion of urban agglomerations has resulted in an incrementally more significant influence of cities on the surrounding regions [20]. Changes in urban flooding dynamics not only impact the city but also necessitate substantial adjustments in the flooding patterns of the broader region and basin.



Most of the above studies used storm flood models to simulate the changes in flood processes under various project dispatch scenarios. Storm flood modeling is a rational and effective approach for understanding intricate flooding processes, primarily relying on hydrological and hydraulic models [21,22]. Hydrological models, such as HEC-HMS and SWAT, excel at assessing the impact of urbanization-induced land use changes on flood dynamics, typically used for broader watershed or sub-watershed scale modeling [23,24,25]. In contrast, hydraulic models like InfoWorks, SWMM, and MIKE have more demanding requirements, including precise initial and boundary conditions, and involve a more intricate modeling process [26,27]. As a result, they are particularly useful for flat terrains characterized by extensive drainage networks, gates, and pumps [28,29]. For example, SWMM is designed for modeling urban stormwater systems and simulating the quantity of stormwater runoff, typically applied on an urban/suburban scale [30]. InfoWorks is a versatile software package for integrated urban drainage and wastewater system modeling, although it may be less suitable for riverine or large-scale flood modeling [31]. The MIKE model, on the other hand, allows users to define complex hydraulic structures, specializing in river and open channel modeling, making it a reliable choice for flood management in regions with dense river networks [32,33].



We have conducted simulations of the flooding process under various combinations of engineering operation modes for watersheds, regions, and cities using the MIKE 1D model. Through these simulations, we quantitatively assessed flood control coordination at different levels and aimed to identify the most effective engineering operation modes for mitigating flood control pressures across these different levels. Our research is designed to provide valuable insights for the construction and operation of flood control projects, ultimately addressing the challenges posed by flood control in urbanized delta plains, spanning urban, regional, and basin levels.




2. Materials and Methods


2.1. Study Area


The Wu-Cheng-Xi-Yu (WCXY) region, situated within the Taihu Plain in eastern China, serves as a representative water conservancy area (Figure 1a). It spans approximately 3615 km2 and is bounded by the Yangtze River to the north and Taihu Lake to the south. This region is characterized by a complex network of rivers and has experienced rapid urbanization, emerging as one of China’s fastest-growing urban centers. In this region, rainfall is most prevalent between April and October, and flooding events are primarily linked to extended periods of heavy rain and the influence of typhoons. Notably, the western areas experience higher levels of extreme rainfall intensity compared to the eastern regions (Figure 1c).



In response to the escalating threat of flood disasters, the study area has witnessed the construction of a multifunctional water conservancy project system in recent years (Figure 1). At the basin level, a flood control strategy has been devised featuring containment lines designed to deter external flood ingress. On the regional scale, the WCXY region has been divided into two distinct regions, namely the Wu-Cheng-Xi region (characterized by low terrain) and the Cheng-Xi-Yu region (comprising higher terrain). This division, demarcated by the Baiqugang control line, serves to prevent the encroachment of water from high-lying areas into lower-lying regions. Floodwaters are primarily directed into the Yangtze River through the northern main river channels and pumps, with a smaller portion being discharged eastward into the Wangyu River.



At the city level, the implementation of urban flood control projects in Changzhou and Wuxi, known as the Large Encirclement Flood Control Projects (LEFCPs), has significantly bolstered the flood control capabilities of these urban areas (Figure 1d). Within the LEFCPs, there are a total of 17 hydraulic facilities situated at the confluences of urban rivers and external flood channels. These facilities collectively manage a drainage flow of 730 m3/s. The operational protocol for the LEFCPs stipulates that when the water level at a given station surpasses the warning level (i.e., the control water level) specified in the scheduling rule, the hydraulic facilities initiate water discharge to the exterior.



Notably, the Sunan Canal, a southern segment of the renowned Beijing–Hangzhou Grand Canal in China, interconnects these cities and plays a pivotal role in flood control. During periods of heavy rainfall, excess water within the city is channeled into the Sunan Canal. Consequently, the water level in Wuxi along the Sunan Canal exceeded historical extremes for three consecutive years from 2015 to 2017. This highlights the mounting conflict between flood control and drainage within the basin, the region, and the city.




2.2. Methods


2.2.1. Hydrodynamic Model


To simulate storm flood processes in plains, we utilized the MIKE 1D model as the computational foundation. The hydrodynamic model of the river network is developed by leveraging the hydrodynamic module (HD) within MIKE 1D; it computes the unsteady flow within the river using the implicit finite difference format [34]. This approach is particularly suitable for modeling vertical homogeneous flows within delta plains. The governing equations applied in this method are the 1-D Saint Venant equations, which include the mass conservation continuity equation and the energy conservation momentum equation, expressed as follows:


    ∂ Q   ∂ x   +   ∂ A   ∂ t   = q  



(1)






    ∂ Q   ∂ t   +   ∂   α    Q 2   A      ∂ x   + g A   ∂ h   ∂ x   +   g Q | Q |    C 2  A R   = 0  
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where Q is the response to the flow along the river section (m3/s); x is the distance coordinate (m); A is the cross-sectional area of the river (m2); t is the time coordinate (s); q is the lateral inflow flow per unit length (m3/s); g is the acceleration of gravity (m/s2); h is the water level (m); C is the Chezy coefficient; and R is the hydraulic radius.



The MIKE 1D model comprises several components, including river networks, river cross-sections, boundary conditions, water level (flow) data, hydraulic structures, and operation rules of water projects. These components are interconnected through the river network file. To assess the model’s performance, the simulation results were evaluated using two key metrics: the Relative Root-Mean-Square Error (RRMSE) and the Nash-Sutcliffe Efficiency Coefficient (ENS).



The expressions are as follows:
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where n is the number of the observed data;    h  o b s  i    is the observed water level;    h  s i m  i    is the simulated water level; and      h  o b s  i   ¯    is the average observation. When the value of ENS is larger than 0.70 and the value of RRMSE is less than 0.3, the simulation effect is good.




2.2.2. Flood Indicators


In this study, we utilized flood indicators, specifically the slope of the flow duration curve (SFDC) [35], the rising climb slope (RCS) [36], and the flashiness index (FI) [37], to elucidate the impact of urbanization on alterations in the flood process. These indicators provide insights into changes in the overall amplitude, the rate of water level rise, and process volatility (Table 1).




2.2.3. TOPSIS Coordination Evaluation Model


The Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) coordination evaluation model is widely employed to address decision problems involving multiple evaluation criteria and multi-attribute objectives [38]. This model operates on the principle of selecting alternatives that simultaneously exhibit the shortest distance from the positive ideal solution while maintaining the farthest distance from the negative ideal solution [39]. In our study, we utilized the TOPSIS coordination comprehensive evaluation model to quantitatively assess the degree of coordination among various scheduling schemes.



Due to the different types, dimensions, and attribute values of the decision attributes, the attribute values needed to be normalized in decision-making. The normalized decision matrix B = (bij)m×n used is formed as follows:


   b  i j   =    a  i j         ∑   i = 1  m   a  i j  2      ,   i = 1 , 2 , … m ; j = 1 , 2 , … n  



(8)




where aij and bij are the original and normalized scores of the decision matrix, respectively.



To construct the weighted normalized matrix C = (Cij) m×n, the weight vector, i.e., w = [w1, w2, w3… wn]T, was calculated by the entropy weight method. The weighted normalized matrix C is formed as follows:


   C  i j   =  w j  ∗  b  i j      



(9)







The distance from the positive ideal solution (   S i *   ) and negative ideal solution (   S i 0   ) were calculated as follows:


   S i *  =     ∑   j = 1  n       c  i j   −  c j *     2       



(10)






   S i 0  =     ∑   j = 1  n       c  i j   −  c j 0     2     



(11)




where    c j *    is the positive ideal solution and    c j 0    is the negative ideal solution in criterion j.



The relative closeness to the ideal solution, i.e., the coordination coefficient    g i *   , was calculated as follows:


   g i *  =    S i 0     S i 0  +  S i *       



(12)




where    g i *    ranges from 0 to 1. The alternative with    g i *    closest to 1 was selected.





2.3. Data Description


Daily rainfall data were obtained from the Taihu Hydrological Yearbook from 1980 to 2018. These data were then processed to extract annual maximum 1-day rainfall values, which were used to estimate the 100-year rainfall. Additionally, hourly rainfall and water level data covering the period from 2015 to 2020 were collected through telemetry devices by local authorities. The consistency, accuracy and reliability of the rainfall and water level data were verified by the local authorities.



The river network data were originally sourced from digital line graphics created in the 2010s at a 1:50,000 scale and were subsequently refined using high-precision imagery. Operational guidelines for key sluices and pumps were obtained from the Changzhou and Wuxi Branches of the Jiangsu Hydrological Bureau, China.





3. Results


3.1. Modeling the Hydrological Process Based on a MIKE Model


3.1.1. Model Construction


The MIKE 1D model was employed for the simulation of hydrological processes within the plain’s river network. Based on the spatial distribution of the main rivers, the river network in the WCXY region was generalized into 182 river channels (Figure 2). Given the flat terrain, the Euclidean distance allocation method was utilized in this study to partition the runoff plots. This method associated each pixel in the area with its nearest river channel, resulting in the creation of runoff plots for each river channel. Subsequently, the boundaries of these runoff plots were fine-tuned using the river distribution and the locations of flood control projects. Ultimately, a total of 113 runoff plots were delineated, and the water from each plot was assigned to the nearest river channel based on proximity principles (Figure 2).



According to the generalized river channels, our study inserted relevant sluices into the model in the format of controllable hydraulic structures, and then set the operation rules of these sluices. There are many sluices along the Yangtze River in the WCXY region with huge drainage potential. The study area includes two important LEFCPs: one is located in Changzhou, which covers an area of 156 km2; the other is located in Wuxi, which covers an area of 144 km2. The basic information of the scheduling rules is shown in Tables S1 and S2.




3.1.2. Model Calibration and Validation


In this study, the Thiessen Polygon method was employed to allocate rainfall processes to the respective runoff plots, considering the spatial variability of rainfall. For model calibration, two heavy storm events, occurring on 21–24 June and 28 September–3 October, were selected for data from four stations (namely Changzhou, Cailinggang, Chenshu, and Luoshe). To validate the model, two heavy storm events during 1–5 July and 14–18 September 2016 were chosen.



The calibration and validation results of the MIKE 1D model are depicted in Figures S1 and S2. The water level fluctuations simulated at each monitoring station closely corresponded to the observed data. The average ENS of these stations was 0.86, and the average RRMSE was 0.04 during the calibration period. For the validation period, the average ENS was 0.80, and the average RRMSE was 0.06. It was shown that the constructed MIKE 1D model exhibited a high simulation accuracy.





3.2. Simulation of Flood Characteristics under Different Scheduling Rules


3.2.1. Scheduling Scheme Scenarios


At the basin and city levels, the scheduling strategy was refined with a fundamental principle of enhancing drainage from the basin while reducing it from the city. Specifically, the basin’s scheduling plan was improved by strategically lowering its control water level, thereby increasing outward drainage. This measure mitigated the issue of elevated water levels throughout the basin. On the other hand, optimizing the urban scheduling scheme involved judiciously elevating the control water level within the city to utilize its water storage capacity. In essence, this allowed the city to contribute to flood risk reduction by sharing the burden of external flood pressures.



Schedule rules in the different optimal schemes are shown in Table 2.



	(1)

	
Scheme S0 refers to the present scheduling scheme.




	(2)

	
Scheme S1 and Scheme S2 were urban optimal scheduling schemes, mainly examining the impact of controlled water level changes in the LEFCPs on the coordination of flood control.







Using the year 2000 as a dividing point, we calculated the increase in urban water levels before and after urbanization. We then utilized 50% and 100% of this rise in water levels as incremental values for the inner control water level of the LEFCPs. This process resulted in the creation of two scheduling schemes (i.e., S1 and S2) for urban flood control projects.



	(3)

	
Scheme S3 and Scheme S4 were the optimal scheduling schemes of the basin (water conservancy region), mainly examining the impact of controlled water level changes in sluices along the Yangtze River on the coordination of flood control.







Using the year 2000 as a dividing point, we calculated the average increase in water levels at representative stations in the WCXY region before and after urbanization. Subsequently, we employed 50% and 100% of this rise in water levels as reduction values for adjusting the control water level within the basin. This process resulted in the creation of two scheduling schemes (i.e., S4 and S3) for basin-level flood control.



	(4)

	
Scheme S5, Scheme S6, Scheme S7, and Scheme S8 were the simultaneous optimal scheduling schemes of the city and basin, mainly examining the effect of combined optimal scheduling of the city and basin.







Scheme S5 aimed to increase the outward drainage capacity of the basin by 50% while reducing the outward drainage capacity of the city by 50%.



Scheme S6 sought to increase the outward drainage capacity of the basin by 100% while reducing the outward drainage capacity of the city by 50%.



Scheme S7 was designed to increase the outward drainage capacity of the basin by 50% while reducing the outward drainage capacity of the city by 100%.



Scheme S8 involved increasing the outward drainage capacity of the basin by 100% while reducing the outward drainage capacity of the city by 100%.




3.2.2. Flood Characteristics under Different Scheduling Rules


The rainfall event on 16 June 2015 (the ‘20150616′ event) had a high intensity, short duration, and wide coverage, which was a rare heavy rainfall process in our region. The flooding process of this event was thus adopted as a typical case, and the MIKE 1D model was adopted to simulate the flood process under different scheduling rules with a 100-yr return period.



The differences in water levels inside and outside the LEFCPs in Changzhou and Wuxi under nine dispatching schemes are shown in Figure 3. Comparing these schemes to Scheme S0, Schemes S2, S7, and S8 stand out by significantly reducing both the mean and maximum water level differences between the inner and outer urban areas. Conversely, the other schemes exhibit limited effects on this difference. Notably, Scheme S2 represents an urban optimization scheme, while Schemes S7 and S8 are simultaneous optimization schemes for both the city and water conservancy area. All three of these schemes effectively decrease the urban discharge capacity.



The flood characteristics under different scheduling rules varied slightly, especially the FI (Figure 4). The mean values of RCS under different scheduling rules were 0.933, 0.933, 0.994, 0.994, 0.932, 1.022, 1.011, 0.997, and 1.002, respectively. The mean value of RCS simulated by Scheme S4 was lower than Scheme S0, and the maximum values of RCS simulated by Scheme S2, Scheme S3, and Scheme S8 were lower than Scheme S0. The mean values of SFDC under different scheduling rules were 0.299, 0.298, 0.298, 0.298, 0.298, 0.305, 0.298, 0.304, 0.299, and 0.304, respectively. The mean values of SFDC simulated by Scheme S1, Scheme S2, and Scheme S5 were lower than Scheme S0, and the maximum values of SFDC simulated by Scheme S1, Scheme S3, Scheme S5, and Scheme S7 were lower than Scheme S0.



Figure 5 shows the spatial variation of RCS and SFDC under different scheduling rules. The RCS of the external rivers of the LEFCP in Changzhou in Scheme S4 increased significantly. Scheme S4 only optimized the scheduling scheme of the basin (water conservancy region), while the scheduling scheme of the LEFCP maintained the current status, resulting in a high capacity of the outward drainage from the LEFCP; although this effectively reduced the water level inside the LEFCP, it increased the water level and RCS outside the LEFCP. The simulation results of S2, S7, and S8 indicated that the SFDC of the internal rivers of the LEFCP in Changzhou increased slightly. This was because these three schemes increased the control water level in the LEFCP scheduling scheme, and reduced the urban outward drainage capacity, resulting in an overall increase in the flood process of the internal rivers of the LEFCP.





3.3. Coordination of Flood Control under Urbanization


3.3.1. Flood Control Coordination Assessment Index System and Weights


The effectiveness and performance of different flood control schemes, as well as their suitability for coordination among cities, regions, and basins, were evaluated using the Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) method. The index system comprises various criteria, each assigned a weight that signifies its relative importance in the evaluation process. Reflecting the flood control requirements at various levels, including basin–region, basin–city, and region–city, the flood characteristic indicators for the basin, representative region, and urban area under each optimal scheduling scheme served as the evaluation criteria. The TOPSIS model was applied to assess the flood control coordination for each scheme. The spatial distribution of representative cross sections for the basin, typical regions, and cities is illustrated in Figure 6.



The coordination evaluation was based on the established index system for coordination. The optimal values achievable by the flood indicators for the basin, region, and city in the nine scheduling schemes were determined. A combination of these optimal values was considered the optimal solution. Subsequently, the relative distances of each scheme from both the optimal solution and the worst solution were calculated. These relative distances were then used to calculate the coordination coefficients for the nine scheduling schemes, forming the basis for coordination evaluation.




3.3.2. Flood Control Coordination between Basin and Regions


The challenge of coordinating flood control between the basin and regions primarily arises due to the inadequacy of their drainage infrastructure, resulting in increased flood control pressure within the basin and specific regions. At the basin level, lower water levels at key nodes translate to reduced overall flood control pressure, thereby promoting coordination between the basin and regions. At the region level, lower water levels at representative stations in each sub-region contribute to the alleviation of regional flood control pressure. The flood characteristic indicators for the basin and regions under each optimal scheduling scheme were employed as the evaluation criteria. The weights for these criteria were determined using the entropy weight method (Table 3). All indicators had negative values, signifying that smaller indicator values corresponded to higher levels of coordination.



Figure 7 presents histograms illustrating the distances of each scheme from the positive and negative ideal solutions at different levels, along with radar plots displaying the coordination coefficients. At the basin–region level (Figure 7a,b), the city and basin simultaneous optimization scheme (S8) exhibited distances of 0.005 and 0.019 to the positive and negative ideal solutions, respectively. Notably, S8 was the scheme closest to the positive ideal solution and farthest from the negative ideal solution among all of the schemes. Moreover, the coordination coefficient for S8 was 0.80, signifying a significant enhancement in basin–region flood coordination (0.68) compared to S0 (0.12). Scheme S8′s objective was to increase the basin’s outward drainage capacity by 100% while simultaneously reducing the city’s outward drainage capacity by 100%.




3.3.3. Flood Control Coordination between Basin and Cities


The existing challenge of coordinating flood control between basins and cities primarily arises from excessive urban outward drainage, resulting in heightened flood control pressure in peripheral city areas. At the basin level, lower water levels at key nodes translate to reduced overall flood control pressure, promoting basin–city coordination. On the city level, lower flood characteristics within the LEFCP enhance urban flood control security. However, excessively prioritizing urban internal safety will inevitably raise flood control pressure on the city outskirts and potentially across the entire basin. Thus, it is necessary to moderately increase the flood pressure that the city can manage, specifically by appropriately raising SFDC while ensuring RCS remains within reasonable limits. In this context, SFDC at the city level is considered a positive indicator, while the rest are negative indicators (Table 4).



In the context of basin–city flood control coordination (Figure 7c,d), the city and basin simultaneous optimization scheme (S7) exhibited distances to the positive and negative ideal solutions of 0.007 and 0.015, respectively. This scheme stood out as the closest to the positive ideal solution and the farthest from the negative ideal solution among all of the schemes. The coordination coefficient for S7 was 0.67, representing a significant improvement in basin–city flood coordination (0.37) compared to the baseline S0 (0.30). Scheme S7 aimed to enhance the outward drainage capacity of the basin by 50% while reducing the outward drainage capacity of the city by 100%, resulting in significant optimization for both the city and the basin.




3.3.4. Flood Control Coordination between Regions and Cities


The main problem with the current flood control coordination between region and city is the high pressure on flood control in the peripheral areas of the city due to excessive drainage from the city. Similarly, increasing the SFDC in urban areas, while ensuring that the RCS is not too high, increases the flood pressure that the city can withstand. We herein set the SFDC at the city level as a positive indicator, while the others were negative indicators. Table 5 shows the index system of flood control coordination between region and city under each optimal scheduling scheme.



For the region–city level (Figure 7e,f), the distances to the positive and negative ideal solutions for the city and basin simultaneous optimization scheme (S5) were 0.007 and 0.014, respectively, and this scheme was the closest to the positive ideal solution and the farthest from the negative ideal solution among all the schemes. The coordination coefficient of S5 was the highest, reaching 0.68. Scheme S5 aimed to increase the outward drainage capacity of the basin by 50% and reduce the outward drainage capacity of the city by 50%, which optimized both the city and the basin significantly. The specific scheduling optimization scheme is shown in Table S3.



Overall, different scheduling optimization schemes had varying effects on improving coordination at different levels. For the basin–region level, the schemes that were beneficial to flood control coordination were ranked as S8 > S6 > S3 > S7 > S5 > S2 > S4 > S1 > S0. For the basin–city level, the schemes that were beneficial to flood control coordination were ranked as S7 > S3 > S6 > S8 > S5 > S2 > S4 > S0 > S1. The optimal scheduling of cities and basin simultaneously had the best effect on improving coordination, followed by basin optimization schemes, and the improvement effect of urban optimization schemes was relatively weak. For the regional–city level, the schemes favoring flood control coordination were S5 > S7 > S2 > S0 > S6 > S3 > S8 > S4 > S1. The optimal scheduling of cities and basins simultaneously (i.e., S5–S8) had the most significant effect on enhancing coordination, followed by urban optimization schemes (i.e., S1 and S2), while the effect of basin optimization schemes (i.e., S3 and S4) was relatively weaker. Therefore, implementing scheduling measures that reduced the discharge capacity of the city and improved the discharge capacity of the basin (water conservancy region) was the best combination of measures for strengthening flood control coordination and increasing overall flood control benefits.






4. Discussion


4.1. Method Design


The MIKE 1D model offers significant modeling advantages when dealing with plain regions characterized by numerous rivers and hydraulic structures. This model is well-suited for simulating the dynamic changes resulting from various flood control projects, such as gates, pumps, and culverts, in urbanized areas. It is commonly employed in tasks related to flood forecasting, urban flood risk management, and the optimal scheduling of water projects [40,41,42]. For instance, Hu et al. [11] employed the MIKE 1D model to investigate flood responses to extreme scenarios and assess future flood risks in Suzhou City under the backdrop of climate change. Wang et al. [43] utilized the MIKE 1D model to simulate inundation scenarios with different return periods. Additionally, Lu et al. [33] applied the MIKE 1D model to simulate water level variations in the WCXY region of the Taihu Plain under varying combinations of rainfall conditions and urbanization levels. Previous research has demonstrated that MIKE 1D is characterized by computational stability, high accuracy, and reliability, making it an effective tool for conducting storm flood simulation studies in delta plain areas.



Besides MIKE 1D, MIKE 2D is also developed by the DHI (Danish Hydraulic Institute); both are modeling tools employed for simulating hydrodynamic processes in water bodies, each tailored to distinct hydraulic modeling tasks. MIKE 1D excels at representing horizontal variations in water flow within channels, making it ideal for linear or nearly linear water bodies where intricate hydraulic characteristics within channels demand detailed modeling. Notably, MIKE 1D models generally exhibit lower computational complexity, resulting in expedited simulations. In contrast, MIKE 2D finds its niche in modeling extensively distributed water bodies characterized by intricate horizontal and vertical variations, particularly when precise modeling of changes in water surface elevation holds paramount importance. Our study area primarily encompasses a river network with fewer lakes, underscoring the significance of comprehending the hydrological processes within the river. The examination of fluctuations in water levels within the river network proves pivotal for quantifying flood volumes accurately. Moreover, given the vast expanse of our study area, constructing a MIKE 2D model would considerably escalate computational demands, potentially exceeding the capabilities of our current hardware infrastructure. Thus, the selection between MIKE 1D and MIKE 2D hinges upon the specific requirements of hydrological modeling and the complexity of the study area.




4.2. Limitations


The MIKE 1D model, while a powerful tool for hydrodynamic and hydraulic modeling, does have several limitations that should be considered. Firstly, as with any model, the MIKE 1D model simplifies complex real-world systems through assumptions and approximations, potentially missing some nuances. Secondly, the MIKE 1D model is typically best suited for historical analysis and short- to medium-term predictions, and they may not perform optimally for long-term climate change predictions or scenarios significantly different from historical data. Thirdly, the MIKE 1D model often operates at specific scales and resolutions, so scaling up to larger areas or down to smaller details may introduce errors or limitations.



In addition to the limitations of the model itself, this study has specific limitations in its scenario setting. For example, the regulation of flood control capacity in water conservancy projects for watersheds, cities, and regions is achieved by adjusting control water levels in scheduling rules. In this study, control water levels are adjusted as percentages, rather than considering actual water level changes. The extent of control over these water levels can significantly impact model results. Furthermore, the selection of representative water level processes in various geographical locations within watersheds, cities, and regional sections has limitations when evaluating flood control coordination using the TOPSIS model. Multiple impacts should be considered in the selection of representative water level processes.



To address these limitations and advance future research, it is essential to explore more realistic control strategies for water conservancy projects, consider alternative methods for adjusting control water levels, and refine the selection criteria for representative water level processes in different regions. These efforts will lead to a deeper understanding of urban flood control, particularly in the context of rapid urbanization and climate change, thus facilitating more effective and sustainable flood management solutions.




4.3. Implication


Our findings indicate that the most effective combination of measures for enhancing flood control coordination and overall flood control benefits involves implementing measures that reduce the urban external discharge capacity while increasing the external discharge capacity of the basin. Previous studies have also yielded similar results, suggesting that improving regional external drainage capacity and limiting the amount of water discharged outside flood control perimeters can effectively alleviate flood control pressures in urban peripheral areas [44,45]. Wang [46] conducted a quantitative evaluation of 11 operation schemes within the Taihu Lake basin, and the results similarly demonstrated that implementing engineering measures to enhance the drainage capacity of the basin while optimizing urban flood control operations represents the most effective approach to strengthening flood control coordination.



In the context of rapid urbanization, effective coordination and a scientifically driven approach to flood control are paramount, spanning across basins, regions, and cities. Urban flood control should be seamlessly integrated into broader basin and regional flood control strategies. The construction and operation of flood control projects should be guided by the following three key principles:



City-Centric Safety: Urban flood control projects must prioritize the safety of the city itself. Simultaneously, these projects should not exacerbate flood control pressures on surrounding regions, basins, or neighboring cities.



Regional Integration: It is imperative to consider the impact of basin boundary conditions and internal cities when addressing flood control in specific regions. This approach allows for the swift resolution of localized waterlogging issues without disrupting the overall floodwater discharge from the basin.



Basin-Wide Synergy: When planning flood control projects for the entire basin, it is critical to account for the effects of internal flood control efforts within different regions and cities. This comprehensive approach ensures that floods in the main rivers within the basin can be efficiently discharged, creating a safe environment for flood control activities in various regions and cities.



By adhering to these principles, a comprehensive and coordinated flood control strategy can be developed. Such an approach is essential for tackling the challenges posed by rapid urbanization and ensuring the safety and resilience of urban areas and their surrounding regions.





5. Conclusions


We conducted simulations of the flooding process, considering various combinations of engineering operation modes for watersheds, regions, and cities, employing the MIKE 1D model. These simulations formed the basis for our quantitative assessment of flood control coordination at different levels using the TOPSIS model. Our primary objective has been to address the complex challenges associated with flood control across various levels, including the basin, region, and city.



	(1)

	
Variations in Flood Characteristics under Different Flood Control Coordination Schemes: Schemes S2, S7, and S8 stand out by significantly reducing both the mean and maximum water level differences between the inner and outer urban areas. The flood characteristics of the flood processes under different scheduling rules varied slightly, especially the FI. With the exception of S4, the RCS means for the other models are higher than S0, and the highest RCS mean is for S5 at 1.022. The SFDC means for most scenarios are lower than S0, and the highest SFDC mean is for S5 at 0.305.




	(2)

	
Effect of Different Scheduling Optimization Schemes on Flood Control Coordination at Various Levels: At the basin–region level, Scheme S8 significantly improved flood coordination, achieving a coordination coefficient of 0.68, compared to Scheme S0, which only scored 0.12. Moving to the basin–city level, Scheme S7 demonstrated notable progress with a coordination coefficient of 0.67, signifying a 0.37 improvement over Scheme S0, which scored 0.30. Finally, at the region-city level, Scheme S5 emerged as the most effective, attaining a coordination coefficient of 0.68, indicating a 0.22 improvement over Scheme S0, which scored 0.46. Overall, the optimal scheduling of cities and basins simultaneously had the most significant effect on enhancing coordination, followed by urban optimization schemes, while the effect of basin optimization schemes was relatively weaker.







Through the optimization of artificial regulation strategies for the Large Encirclement Flood Control Projects and the gates along the Yangtze River, we have strived to effectively fulfill the requirements of urban flood control while ensuring the sustainable utilization and management of water resources in the region. Overall, implementing scheduling measures that curtailed urban discharge and bolstered the discharge capacity of the basin emerged as the most effective combination to fortify flood control coordination and augment overall flood control benefits within the WCXY region in the Taihu plain.



To enhance future research, it is imperative to develop more advanced hydrodynamic models and adaptive scheduling strategies that respond to real-time conditions. The integration of climate change projections, multi-hazard analyses, and smart technologies offers promising avenues for further investigation. Additionally, adopting ecosystem-based approaches, examining policy and governance frameworks, and emphasizing community engagement are essential components of comprehensive urban flood management strategies.
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Figure 1. Location and land patterns of WCXY region (a), diagram of flood control in WCXY region (b), spatial distribution of extreme rainfall (c), and locations of rainfall and water level stations (d). 
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Figure 2. Locations of sluices and runoff plot distribution. 
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Figure 3. Differences in water levels inside and outside the LEFCPs of Changzhou (a) and Wuxi (b) under different scheduling rules. The transition from blue to red represents an increase in values. The blue squares represent outliers. 
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Figure 4. Spatial distribution of flood characteristic indicators under different scheduling rules ((a) FI, (b) RCS, and (c) SFDC). The transition from blue to red represents an increase in values. The green circles represent outliers. 






Figure 4. Spatial distribution of flood characteristic indicators under different scheduling rules ((a) FI, (b) RCS, and (c) SFDC). The transition from blue to red represents an increase in values. The green circles represent outliers.



[image: Water 15 03723 g004]







[image: Water 15 03723 g005] 





Figure 5. Spatial distributions of flood characteristic indicators under different scheduling rules. 
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Figure 6. Spatial distribution of cross-sections representing basins, regions, and cities in the construction of flood control coordination evaluation. 
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Figure 7. Results of schedule rules of TOPSIS strengthening the coordination flood control between basins and regions (a,b), basins and cities (c,d), and regions and cities (e,f). 
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Table 1. Descriptions of the flood indicators.
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Indicator

	
Formula

	
Meaning






	
SFDC

	
   S F D C =   ln   w 33 %   − ln   w 66 %     0.66 − 0.33    

	
(5)

	
SFDC represents the flood process’s responsiveness to rainfall. Higher SFDC values indicate a more rapid response of the flooding process to rainfall.




	
where w33% and w66% are the water level value at the 33rd and 66th percentile, respectively.




	
RCS

	
   R C S =    w p  −  w 0    Δ t    

	
(6)

	
RCS quantifies the change in water level during the flood process. Larger RCS values imply a faster rate of water level rise, potentially leading to increased flood control pressure.




	
where wp is the peak water level, w0 is the initial water level, and Δt is the interval from the initial water level to the peak water level.




	
FI

	
   F I =     ∑   i = 1  n     w i  −  w  i − 1         ∑   i = 1  n   w i     

	
(7)

	
FI measures the degree of fluctuation in the flood process over time. Higher FI values indicate a greater degree of fluctuation in the flood process.




	
where wi is the water level at the ith moment.











 





Table 2. Schedule rules in the different optimal schemes.
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Schemes

	
Operation Rules of Sluices along the Yangtze River

	
Operation Rules of the LEFCPs






	
S0

	
Changzhou > 4.0 m

	
Sanbaojie > 4.3 m




	
Wuxi > 3.6 m




	
Qingyang > 3.7 m

	
Nanmen > 3.8 m




	
S1

	
Changzhou > 4.0 m

	
Sanbaojie > 4.43 m




	
Wuxi > 3.6 m




	
Qingyang > 3.7 m

	
Nanmen > 4.0 m




	
S2

	
Changzhou > 4.00 m

	
Sanbaojie > 4.57 m




	
Wuxi > 3.6 m




	
Qingyang >3.7 m

	
Nanmen > 4.2 m




	
S3

	
Changzhou > 3.87 m

	
Sanbaojie > 4.3 m




	
Wuxi > 3.4 m




	
Qingyang > 3.53 m

	
Nanmen > 3.8 m




	
S4

	
Changzhou >3.73 m

	
Sanbaojie > 4.3 m




	
Wuxi > 3.2 m




	
Qingyang > 3.35 m

	
Nanmen > 3.8 m




	
S5

	
Changzhou > 3.87 m

	
Sanbaojie > 4.43 m




	
Wuxi > 3.4 m




	
Qingyang > 3.53 m

	
Nanmen > 4.0 m




	
S6

	
Changzhou >3.73 m

	
Sanbaojie > 4.43 m




	
Wuxi > 3.2 m




	
Qingyang > 3.35 m

	
Nanmen > 4.0 m




	
S7

	
Changzhou > 3.87 m

	
Sanbaojie > 4.57 m




	
Wuxi (da) > 3.4 m




	
Qingyang > 3.53 m

	
Nanmen > 4.2 m




	
S8

	
Changzhou >3.73 m

	
Sanbaojie > 4.57 m




	
Wuxi > 3.2 m




	
Qingyang > 3.35 m

	
Nanmen > 4.2 m











 





Table 3. Weightings of the flood control coordination between basin and regions.
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Indicators

	
Level

	
Weights

	
Direction

	
Normalized Value of Each Indicator




	
S0

	
S1

	
S2

	
S3

	
S4

	
S5

	
S6

	
S7

	
S8






	
FI

	
Basin

	
0.187

	
Negative

	
0.333

	
0.331

	
0.335

	
0.334

	
0.330

	
0.335

	
0.333

	
0.335

	
0.334




	
Region

	
0.255

	
Negative

	
0.295

	
0.297

	
0.353

	
0.355

	
0.299

	
0.342

	
0.347

	
0.345

	
0.357




	
RCS

	
Basin

	
0.195

	
Negative

	
0.309

	
0.333

	
0.306

	
0.330

	
0.358

	
0.308

	
0.358

	
0.333

	
0.359




	
Region

	
0.146

	
Negative

	
0.338

	
0.331

	
0.337

	
0.332

	
0.327

	
0.337

	
0.329

	
0.334

	
0.335




	
SFDC

	
Basin

	
0.062

	
Negative

	
0.333

	
0.336

	
0.315

	
0.319

	
0.341

	
0.405

	
0.310

	
0.306

	
0.324




	
Region

	
0.155

	
Negative

	
0.320

	
0.332

	
0.315

	
0.334

	
0.346

	
0.320

	
0.347

	
0.334

	
0.350











 





Table 4. Weightings of the flood control coordination between basin and cities.
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Indicators

	
Level

	
Weights

	
Direction

	
Normalized Value of Each Indicator




	
S0

	
S1

	
S2

	
S3

	
S4

	
S5

	
S6

	
S7

	
S8






	
FI

	
Basin

	
0.173

	
Negative

	
0.333

	
0.331

	
0.335

	
0.334

	
0.330

	
0.335

	
0.333

	
0.335

	
0.334




	
City

	
0.236

	
Negative

	
0.295

	
0.297

	
0.353

	
0.355

	
0.299

	
0.342

	
0.347

	
0.345

	
0.357




	
RCS

	
Basin

	
0.180

	
Negative

	
0.309

	
0.333

	
0.306

	
0.330

	
0.358

	
0.308

	
0.358

	
0.333

	
0.359




	
City

	
0.114

	
Negative

	
0.327

	
0.330

	
0.330

	
0.334

	
0.332

	
0.330

	
0.335

	
0.341

	
0.341




	
SFDC

	
Basin

	
0.096

	
Negative

	
0.302

	
0.306

	
0.314

	
0.345

	
0.308

	
0.356

	
0.3